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Preface 


These  conference  proceedings  are  the  first  published  ‘snapshot’  of  the  current  work 
in  the  new  field  of  vacuum  microelectronics. 

The  conference  provided  a  lively  forum  for  over  one  hundred  and  sixty  delegates, 
from  fifteen  countries  and  a  wide  range  of  disciplines,  to  hear  a  total  of  fifty-four 
presentations. 

The  majority  of  presenters  submitted  manuscripts  for  publication.  All  of  these 
were  refereed  and  in  most  cases  any  changes  were  agreed  during  the  conference. 
In  cases  where  both  referees  felt  that  clarification  was  required,  and  it  proved 
impracticable  to  contact  the  author,  then  changes  have  been  made.  Unratified 
changes  are  highlighted  by  a  vertical  line  to  the  right  of  the  text. 

My  thanks  to  the  authors,  the  referees  and  to  the  editorial  staff  of  the  Institute  of 
Physics  without  whose  cooperation  the  rapid  publication  of  this  text  would  not  have 
been  possible.  Thanks  also  to  the  conference  steering,  organizing  and  programme 
committees. 

As  in  any  new  field  there  were  healthy  disagreements  about,  for  example,  the 
causes  of  the  deviation  from  field  emission  theory  or  the  variations  in  the  actual  or 
projected  performance  of  devices  but  it  is  precisely  this  debate  which  filled  the  hall 
to  the  end  of  the  last  paper.  There  was  general  agreement  that  the  conference  had 
been  a  success  and  that  great  strides  had  been  made  in  the  last  year  in  vacuum 
microelectronics.  The  next  conference  in  this  series  will  be  held  in  Monterey, 
California  and  is  currently  scheduled  for  the  period  22-25  July  1990. 


Rob  liimer 
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Self-aligned  silicon-strip  field  emitter  array 


J.  P.  Spallas,  S.  C.  Amey,  C.  C.  Cheng,  and  N.  C.  MacDonald 

School  of  Electrical  Engineering  and  the  National  Nanofabrication  Facility, 

Cornell  University,  Ithaca,  NY  148S3 

ABSTRACT:  We  have  fabricated  vacuum  field  emission  devices  based  on  large  arrays  of 
silicon-strip  cathodes.  The  emitter  tip  radii  range  from  20  to  25  nm.  The  self-aligned  gate 
is  typically  located  less  than  550  nm  from  the  emitter  tip.  The  collector  aperture  is  2.45  pm 
wide  and  is  located  700  nm  above  the  gate.  Arrays  of  thirteen  snip  emitters,  300  pm  and 
600  pm  long,  have  been  fabricated.  Array  elements  have  been  modeled  and  electron  tra¬ 
jectories  and  transit  times  simulated. 


1.  INTRODUCTION 

Interest  in  the  field  of  vacuum  micro-electronics  has  been  renewed  by  the  successful  testing  of 
a  planar  vacuum  field  effect  transistor  (Gray  et  al  1986).  This  field  emitting  structure  is  a  silicon 
tip  with  a  very  small  radius  of  curvature.  The  device  is  fabricated  on  a  silicon  substrate  using 
standard  integrated  circuit  processing  technology.  Applying  100  to  200  V  to  the  gate  results  in 
field  emission  of  electrons  into  vacuum.  A  collector  located  on  the  same  plane  as  the  gate 
collects  the  emitted  current. 

Devices  of  this  type  can  be  fabricated  in  large  arrays  and  with  the  gate  electrode  located  very 
close  to  the  emitter.  Consequently,  they  are  capable  of  producing  large  current  densities  with 
the  application  of  low  potentials.  Further,  the  emitted  electrons  traverse  vacuum  instead  of  a 
crystal  lattice  making  them  ideal  structures  for  very  high  frequency  operation. 

Tips  are  the  usual  choice  for  the  field  emitter  structure,  but,  strips  (Spindt  ct  al  1 983)  and  circular 
edges  (Marcus  et  al  1987)  have  also  been  proposed.  These  structures  should  produce  larger 
emission  currents  than  tips  because  they  have  greater  emitting  areas.  It  has  been  demonstrated 
that  very  sharp  strips  can  be  fabricated  in  silicon  using  a  lateral,  high  temperature  thermal 
oxidation  to  selectively  oxidize  beneath  isolated  silicon  islands  (Amey  and  MacDonald  1988). 
Strips  as  long  as  3.2  mm  separated  by  2  pm  and  arrayed  in  areas  as  large  as  3.2  mm  square  can 
be  fabricated  using  this  technique.  The  microstructural  properties  of  these  stips  have  been 
studied  using  high  voltage  transmission  electron  microscopy  (TEM)  (Theodore  et  al  1988). 

We  have  fabricated  these  structures  in  arrays  of  thirteen  strips.  The  strips  are  either  300  pm  or 
600  pm  long.  The  gate  electrode  is  self-aligned  and  is  located  550  nm  from  the  emitter  tip.  The 
emitter  tip  radius  is  less  than  25  nm.  Here  we  describe  the  extension  of  the  isolated  silicon 
island  process  to  produce  large  arrays  of  field  emitter  strips.  Array  elements  have  been  modeled 
and  the  electric  fields,  electron  trajectories,  and  transit  times  simulated.  These  models  are  used 
to  evaluate  the  suitability  of  these  arrays  for  device  application. 
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2.  FABRICATION 

The  fabrication  of  an  array  of  silicon  strips  is  based  on  the  formation  of  submicron  silicon- 
on-insulator  islands  (Amey  and  MacDonald  1988).  The  starting  material  is  p-type  <1.00> 
oriented,  10  ohm-cm  boron  doped  silicon.  Using  direct  write  electron-beam  lithography,  a 
tri-level  resist  scheme,  and  an  aluminum  lift-off  process,  arrays  consisting  of  aluminum  lines 
250  nm  wide  are  generated.  Two  anisotropic  reactive  ion  etch  processes  first  transfer  the  pattern 
to  the  underlying  silicon  dioxide/ silicon  nitride  stack,  then  etch  trenches  500  nm  deep  into  the 
substrate  silicon.  The  sidewalls  are  masked  by  a  conformal  LPCVD  silicon  nitride  deposition 
and  etch  back  sequence.  An  isotropic  silicon  etch  followed  by  a  high  temperature  lateral  oxi¬ 
dation  results  in  die  formation  of  linear  silicon  strips  capped  by  an  isolated  silicon  island.  A 
schematic  of  this  structure  after  the  gate  metal  has  been  deposited  is  shown  in  Fig.  1 . 

The  emission  current  from  a  cathode  tip  is 
strongly  dependent  on  the  diameter  of  the 
gate  aperture  and  on  the  position  of  the  tip 
with  respect  to  the  lower  plane  of  the  gate 
(Spindt  et  al  1976).  The  structure  shown  in 
Fig.  1  is  ideally  suited  for  the  fabrication  of 
self-aligned  gates  that  are  very  close  to  the 
emitter  tip.  The  width  and  position  of  the 
gate  aperture  are  determined  by  the  same 
silicon  nitride  layer  that  determines  the 
emitter  position.  Because  the  silicon  nitride 
typically  flares  during  the  thermal  oxidation , 
the  gate  aperture  width  ranges  from  0.8  to 
1.2  pm.  The  emitters  are  450  nm  tall.  The 
position  of  the  tip  with  respect  to  the  gate  is, 
therefore,  determined  by  the  thickness  of  the 
thermal  silicon  dioxide.  By  etching  the 
thermal  silicon  dioxide  before  the  gate  metal 
deposition,  we  are  able  to  center  the  strips 
horizontally  in  the  gate  aperture. 

The  process  sequence  developed  for  the  fabrication  of  the  gate  and  collector  requires  three 
masking  levels.  The  thermal  silicon  dioxide  is  partially  etched  back  using  buffered  HF,  then 
150  nm  of  gold  on  10  nm  of  chrome  is  thermally  evaporated.  Because  the  evaporation  is  highly 
directional,  the  metal  film  is  not  continuous  at  the  silicon  nitride  edge.  The  over-lying  structure 
can  therefore  be  lifted  off  by  etching  the  oxide  underneath  the  silicon  island  using  buffered  HF. 
A  photoresist  mask  is  used  to  pattern  the  gate  and  the  gold  and  chrome  are  etched  using  successive 
potassium  iodide/iodine  and  cerric  amonium  acid  solutions.  A  SEM  micrograph  showing  a 
cross  section  of  a  typical  gate  and  emitter  tip  is  shown  in  Fig.  2. 

A  700  nm  silicon  dioxide  film  is  next  deposited  using  a  PECVD  process.  This  dielectric  serves 
to  electrically  isolate  the  collector  from  the  gate.  A  200  nm  gold  on  10  nm  chrome  film  is  then 
thermally  evaporated.  To  achieve  smooth  sidewalls  with  a  minimum  of  undercut,  the  collector 
is  etched  using  an  ion  milling  process.  Photoresist  is  not  a  practical  mask  in  this  case  because 
the  high  ion  energies  needed  to  etch  gold  cause  severe  photoresist  reticulation.  A  300  nm 
PECVD  silicon  dioxide  film  is  deposited  to  mask  the  collector.  The  silicon  dioxide  is  patterned 
using  photoresist  and  etched  using  a  reactive  ion  etch  process.  The  gold  and  chrome  are  then 
ion  milled  to  form  the  collector. 

The  final  masking  level  utilizes  a  two  step  etch  to  expose  the  emitters  and  to  make  contact  to 
the  first  and  second  level  metals.  First,  the  contact  mask  is  patterned  and  the  insulating  silicon 
dioxide  is  etched  to  75%  completion  using  a  reactive  ion  etch  process.  The  etch  is  finished 
using  buffered  HF.  In  this  way,  damage  to  the  emitters  due  to  ion  bombardment  is  avoided. 
Also,  the  insulating  silicon  dioxide  sidewalls  are  gently  sloped  without  excessive  under-cutting. 
A  SEM  micrograph  of  a  completed  array  is  shown  in  Fig.  3. 
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Fig.  1.  A  strip  emitter  before  the  silicon 
island  is  removed.  The  dotted  line  represents 
the  Si02  boundary  after  the  tip  is  exposed. 
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Fig.  2.  A  SEM  micrograph  showing  the  emitter  centered  vertically 
and  horizontally  in  the  gate. 


Fig.  3.  A  SEM  micrograph  showing  a  silicon-strip  emitter  array. 
This  array  contains  thirteen  elements,  each  600  |im  long. 
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3.  SIMULATIONS 

The  charge  density  method  is  used  to  solve  Poisson ’s  equation  in  the  neighborhood  of  the  emitter, 
gate,  and  collector.  Electric  fields  in  these  regions  range  from  6x10* to  5xl07  V/cm  for  applied 
gate  potentials  between  50  and  200  V.  Electrons  emitted  from  the  tip  are  accelerated  along 
trajectories  nearly  petpendicular  to  the  gate.  Therefore,  to  achieve  picosecond  transit  times, 
devices  should  be  designed  to  intercept  the  electron  trajectories.  Figure  4  shows  the  simulated 
potential  contours  and  trajectories  of  a  device  that  has  this  capability.  The  collector  is  located 
directly  above  the  emitter.  The  structural  dimensions  used  for  modeling  the  tip  and  gate  match 
those  of  our  fabricated  strips.  The  calculated  transit  time  for  this  structure  is  0.2  ps  for  50  V 
applied  to  the  gate  and  100  V  applied  to  the  collector.  However,  this  structure  is  not  optimized 
to  achieve  effective  control  of  the  emission  current  by  the  gate  alone. 

4.  SUMMARY 

Arrays  of  silicon-strip  field  emitters  have 
been  fabricated  using  silicon  integrated 
circuit  processing  technology.  The  tip  radii 
were  less  than  25  nm.  The  position  of  the 
tip  with  respect  to  the  gate  is  controlled  by 
etching.  The  emitter  profile  is  controlled  by 
a  high  temperature  thermal  oxidation.  While 
the  emitters  fabricated  here  are  separated  by 
40  pm,  strips  separated  by  2  pm  have  also 
been  fabricated  (Amey  and  MacDonald 
1988).  We  anticipate  that  these  devices  will 
produce  large  current  densities  at  low 
operating  voltages.  Simulations  of  array 
elements  suggest  that  devices  utilizing  these 
structures  can  be  designed  to  operate  with 
picosecond  transit  times. 
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Fig.  4.  A  model  showing  the  simulated 
potential  contours  and  electron  trajectories. 
The  tip  radius  is  20  nm.  The  collector  is  700 
nm  above  the  gate.  The  transit  time  is  0.2  ps 
for  VfUC  =  50  V  and  V^,^  =  100  V. 
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ABSTRACT:  The  application  of  argon  ion  milling  to  the  formation  of 

sharp  tip  structures  for  micron  scale  field  emission  diodes  is 

investigated  using  a  combined  experimental  and  theoretical  approach. 
The  results  are  discussed  with  reference  to  the  angle  dependence  of  the 

etch  rate,  the  differential  etch  rates  of  mask  and  substrate  and  the 

initial  mask  profile.  These  are  illustrated  by  reference  to  the 
milling  of  sputtered  gold. 


1.  INTRODUCTION 

With  the  recent  proliferation  of  etching  techniques  for  semiconductor 
device  fabrication,  there  has  been  renewed  Interest  in  the  kinematic 
description  of  morphological  development,  particularly  for  ion  milling  and 
plasma  etching  processes  (see  Smith  (1986),  for  example).  The  mechanisms 
of  the  chemical  and  physical  processes  involved  are  diverse  and  not  always 
understood,  but  the  basic  mathematical  formulation  of  the  kinematics  of 
such  etching  processes  is  common  to  a  large  number  of  systems.  This 
mathematical  description  has  been  formulated  largely  by  Frank  (see  Barber 
et  al  (1973)),  and  has  been  applied  to  both  wet  and  dry  etching  processes. 
In  this  paper  we  consider  the  argon  Ion  beam  milling  of  sputtered  gold  to 
produce  sharp  tips.  With  the  assumption  that  these  films  exhibit  no 
crystallographic  anisotropy,  the  etch  rates  depend  only  on  the  angle 
between  the  ion  beam  and  the  surface  normal,  allowing  a  2D  description. 

2.  ETCH  RATE  MEASUREMENT 

The  etch  rate  determination  and  tip  formation  studies  were  carried  out 
using  a  Veeco  Microetch  ion  beam  miller,  providing  an  850V  argon  ion  beam 
with  current  density  of  0.97  mA/cm^.  A  base  pressure  of  <10'6  torr  was 
obtained  prior  to  milling.  Samples  were  mounted  on  a  watercooled  rotating 
stage  capable  of  being  inclined  to  give  ion  beam  angles  of  incidence  in 
the  range  0*  to  -80'.  Etch  rates  were  determined  by  measuring  the  etch 
steps  of  masked  samples,  using  a  Tencor  Alpha  Step.  Metal  samples  were 
masked  with  photoresist,  while  resist  material  to  be  used  in  tip  formation 
trials  was  masked  with  silicon  In  good  mechanical  contact. 

Gold  samples  were  prepared  by  first  coating  clean  silicon  wafers  with 
500-800  A  of  chromium  to  promote  adhesion  and  then  sputtering  a  2.4  /an 
layer  of  gold.  For  the  tip  formation,  the  gold  was  masked  by  1.1  /an 
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thick  photolithographlcally  defined 
resist  (Hunts  204).  Angle 
dependent  etch  rates,  similar  to 
those  of  Bollinger  (1980)  are  shown 
in  Figure  1. 

3.  THEORY 

The  propagation  of  the  eroding,  two 
dimensional  surface  of  a  3-D  solid 
may  be  described,  with  complete 
generality,  by  F(x,y,z)  -  t. 
Differentiating  this  equation  and 
identifying  the  velocity  components 
(Bx/Bt,  etc)  with  normal  etch  rates 


(R),  the  differential  equation  describing  this  propagation  may  be  obtained 
as  (see  Cade  1989) 

H  -  R(Ft,xt )  +  F\  +  Fl)',Z  -  1  (1) 


Here  the  R  is  assumed  to  be  constant  in  time  but  depends  on  the  spatial 
position  and  local  orientation  of  the  surface,  expressed  in  terms  of  the 
spatial  derivatives  F,  -  BF/Bx\  of  F.  Solutions  of  such  non-linear 
partial  differential  equations  can  be  obtained  by  the  method  of 
characteristics  (Nhltham  1974).  Resulting  etch  trajectories  are  given  by 
the  coupled  set  of  ordinary  differential  (Hamilton's!)  equations: 

dF(  _  dH  dXi  dH 

dt  ax,  ’  dt  *  BFi  "  ‘  (2) 


For  a  homogeneous  system,  H  is  independent  of  xj  and  the  solutions  are 
straight  line  trajectories  of  constant  surface  normal  with  velocities 
which  are  generally  not  orthogonal  to  the  surface  (parallel  to  Fi)  (Cade 
1989).  For  an  isotropic  sample  the  etch  rates  depend  only  on  the  angle  of 
incidence,  $,  of  the  ion  beam,  and  the  equations  of  motion  are  two 
dimensional.  Taking  the  Ion  beam  in  the  z  direction  we  have  the 
trajectories  given  In  terms  of  R  and  Its  9  derivative,  R'  (Cantagrel  1975) 

z  -  z0  +  (cos0tf(0)  -  sin0/?'(0))t 

x  «  x„  +  (sin07?(0)  +  cos 0R'(G))t  (3) 


For  masked  systems  such  a  description  is  not  sufficient.  The 
discontinuous  change  In  etch  rates  at  a  boundary  between  two  materials 
produces  a  simple  Inhomogenelty.  This  can  be  treated  as  a  boundary 
matching  problem  and  the  matching  conditions  for  the  straight  line 
trajectories,  on  the  two  sides  of  the  boundary,  obtained  by  Integrating 
equation  2  across  the  boundary.  After  much  algebra,  the  final  result  Is 
that  the  trajectories  obey  "Snell's  Law"  at  the  interface,  namely 


K«>(8a)  f.n  =  f\n 


(4) 
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R*1’2*  are  the  angle  dependent  etch  rates  and  f*1,2)  are  the  etching  surface 
normals  (f<  -  Fi  (Fx^Fy^Fz2)’1/2)  of  the  two  materials  with  common 

boundary  given  by  its  unit  normal  n. 

Although  this  angle  dependent  etch  rate  function  is  fixed  for  any 
material,  the  effective  function  may  be  altered  by  rotating  the  sample 
about  an  axis  inclined  to  the  ion  beam.  This  enables  the  angle  for  peak 
etch  rate  to  be  varied.  For  a  substrate  inclined  at  an  angle  8  with  facet 
angle  0  {see  inset  to  Fig  1),  the  effective  etch  rate  r(0,j&)  is  given  by: 

r(0,y)  -  —  f  /f(cos'1(sinv>sin6cosd  +  cos^cos0))dd 


where^0  =  cos'1  (-cotpcotO)  or  n  if  |  cotpcot©  |>  1 


4.  TIP  FORMATION 

There  are  two  distinct  strategies  for  tip  formation  based  on  masking.  The 
first  is  based  on  having  a  resistant  mask  and  allowing  the  undercutting  of 
the  less  resistant  underlying  material  to  produce  a  tip  when  etch  fronts 
meet  at  the  centre  of  the  mask.  This  is  the  usual  strategy  of  wet  etching 
(see  Cade  1989).  This  approach  is  still  useful  in  ion  milling,  despite 
its  highly  directional  nature,  if  the  ion  beam  has  a  suitably  large  angle 
of  incidence.  The  second  more  conventional  method  is  to  use  progressive 
exposure  of  new  substrate  as  the  mask  is  eroded  to  provide  tip  shaping 
based  on  the  Snell's  Law  of  eqn  (4). 

The  bases  of  these  two  methods 
are  shown  in  Figure  2  where  the 
etch  velocities  obtained  from 
Figure  1  and  Eqn  (5)  are  plotted 
for  gold.  A  similar  set  of 
velocity  profiles  was  obtained 
for  the  resist.  In  the  case  of 
normal  Incidence  there  can  be  no 
undercutting  but,  for  ^  «  45*, 
there  is  substantial  undercutting 
which  would  allow  a  near  vertical 
neck  and  correspondingly  sharp 
tip. 


The  tip  structures  obtained  from 
an  application  of  these 
approaches  are  shown  below.  In 
all  cases  non-UV  hardened  Hunts 
204  resist  masks  were  used. 

Because  of  the  relative  thinness 

of  the  gold  layer  (2.4  jim),  tip  formation  should  not  have  been  possible 
without  etching  into  the  silicon  substrate.  However  sharp  tips  were  formed 
without  overetching.  This  can  be  explained  only  by  resist  pad  etch  rates 
which  were  greater  by  a  factor  of  1.6  than  those  for  the  large  area  etch 
rate  trials.  This  Increased  rate  produced  a  larger  tip  angle  than 
anticipated  (Figure  3a)  but  use  of  the  undercutting  strategy  by  etching  at 


(a)  (b) 


Fig  2:  Etch  velocity  (Vi)  contours  of 
gold  as  a  function  of  orientation 
(fi> 
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Fig.  3  Experimental  gold  tip  profiles  for  etch  masks  1.5  /xm  thick  and  1.1 
im  square  tapering  to  1.03  jim  square  at  the  top. 

(a)  14.5  min  at  iM)  (b)  10  min  at  ^=0,  then  8  min  at  i>  =  45. 


45”  allowed  the  substantial 
sharpening  of  Figure  3b. 
These  tip  shapes  should  be 
compared  with  the 
theoretical  profiles  of 
Figure  4,  obtained  using 
the  resist  etch  rates  of 
Figure  1,  multiplied  by  a 
factor  of  1.6.  With  this 
factor  the  experimental 
shape  is  reproduced, 
including  the  slope 
discontinuity  at  the 
residual  mask  edge  in 
Figure  3b.  The  most 
significant  difference 
being  the  narrower  base 
which  is  sensitive  to  the 
very  low  etch  rates  of  gold 
near  0=90". 


(a) 


(b) 


Fig.  4  Theoretical  etch  profiles 
corresponding  to  Fig  3.  Successive  profiles 
are  shown  for  the  times  (min)  indicated, 
starting  with  the  mask  profile  on  the  flat 
gold  substrate.  Note  the  slope 
discontinuity  at  the  (dotted)  boundary 
between  them. 


5.  CONCLUSION 

This  simple  modelling  scheme  is  useful  in  predicting,  understanding  and 
fine  tuning  ion  milling  approaches  to  tip  formation.  It  is  also  apparent 
that  the  successful  formation  of  tips  in  gold  resulted  from  its  relatively 
fast  etch  rate.  Other  slower  etching  metals  will  require  thicker  and 
possibly  narrower  resist  masks.  The  apparent  sensitivity  of  mask  etch 
rates  to  their  area  requires  further  investigation. 
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ABSTRACT:  Two  fabrication  methods  based  on  dry  etching  techniques  are 
described  with  which  arrays  of  sharp  silicon  field  emitters  exhibiting 
a  ratio  of  tip  height  to  tip  spacing  greater  than  unity  and  a  density 
of  20,000,000  tips  per  square  centimeter  have  been  achieved. 


1.  INTRODUCTION 

Wet  chemical  etching  (Thomas  1974)  and  anisotropic  orientation  dependent 
etching  of  ( 100)-si 1 icon  (Gray  1986)  have  been  used  for  the  fabrication  of 
arrays  of  silicon  field  emitters.  Using  the  latter  method  in  ( 100)- 
silicon,  the  tip  geometry  is  determined  by  the  (111)  planes  of  the  single 
silicon  crystal.  Thus  the  ratio  of  tip  height  to  tip  spacing  is  limited  to 
a  factor  of  one  over  the  square  root  of  two.  Using  isotropic  wet  chemical 
etching  this  ratio  is  limited  to  a  factor  of  about  0.5  since  the  under 
etching  of  the  mask  is  very  similar  to  the  etched  depth  into  the 

substrate.  To  further  improve  quality  and  density  of  field  emitter  arrays, 
microfabrication  techniques  are  required  which  allow  control  of  the  shape 
of  field  emitting  microstructures  and  their  area  density  independently. 
Microfabrication  techniques  such  as  Ion  Beam  Etching  (IBE),  Reactive  Ion 
Beam  Etching  (RIBE)  and  Reactive  Ion  Etching  (RIE)  can  provide  the 

required  independent  control. 

2.  FABRICATION  METHODS 

The  first  method  we  have  developed  to  fabricate  densely  packed  silicon 
field  emitters  consists  basically  of  only  two  important  steps  : 

a)  etch  silicon  columns  with  vertical  walls  out  of  the  substrate  and 

b)  subsequently  form  sharp  tips  at  the  upper  end  of  the  columns. 

A  prerequisite  is  an  etching  process  with  which  silicon  can  be  vertically 
etched.  RIE  with  chlorine  or  fluorine  based  chemistry  is  capable  of 

vertical  silicon  etching.  Many  articles  may  be  found  in  the  literature 

regarding  vertical  RIE  of  silicon  and  here  only  the  work  of  Jackel  et  al 
(1981)  and  an  article  by  Sellamuthu  et  al  (1987)  are  cited.  The 
fabrication  method  we  have  will  now  be  described.  Silicon  wafers  were 
steam  oxidized  at  1050  ®C  to  an  oxide  thickness  of  0.2  urn  and  afterwards 
coated  with  0.8  urn  titanium  by  magnetron  sputtering.  AZ  5214  E  was  spun  at 
3000  rpm  onto  the  titanium  layer  and  photolithography  was  used  to  define  a 
test  pattern  in  which,  in  addition  to  other  structures  an  array  of  160,000 
dots  exists.  These  dots  of  1  urn  diameter  are  separated  by  2.2  urn.  The  AZ 
5214  E  photoresist  was  used  in  its  image  reversal  mode  to  benefit  from  its 
superb  resolution  in  this  mode  (Reuhman  1988).  The  resist  pattern  was 
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transfered  into  the  titanium  layer  by  RIE  with  chlorine  based  chemistry  as 
described  by  Blumenstock  and  Stephani  (1989).  The  patterned  titanium  layer 
now  acts  as  a  mask  in  RIE  with  pure  tetraf luoromethane  to  etch  the  silicon 
columns.  The  gas  pressure  chosen  was  2  Pa  and  the  power  was  selected  such 
that  a  self  bias  voltage  of  -500  V  developed  at  the  powered  electrode  of 
the  diode  type  reactor  (  Leybold  AG,  Z  401  S  ).  Under  these  conditions  the 
wafer,  placed  onto  the  graphite  covered  RF  powered  (13.56  MHz)  electrode, 
remained  nearly  at  room  temperature  and  underetching  is  not  detectable.  A 
silicon  etch  rate  of  17  nm/min  was  obtained  which  is  at  least  four  times 
larger  than  the  corresponding  titanium  etch  rate.  The  use  of  a  lower 
pressure  e.g.  1.33  Pa  decreases  the  ratio  of  silicon  etch  rate  to  titanium 
etch  rate,  the  use  of  a  higher  pressure  e.g.  2.66  Pa  results  in  columns 
with  reduced  diameter  at  their  bottom,  i.e.  shaped  like  Indian  clubs. 
Having  fabricated  silcon  columns  of  3  urn  height  as  described,  the 
remaining  titanium  and  the  silicon  dioxide  layer  were  removed  by  wet 
chemical  etching  in  buffered  HF.  Here  the  role  of  the  silicon  dioxide 
layer  becomes  clear.  Because  it  is  used  as  a  sacrificial  layer  it 
guarantees  a  clean  silicon  surface  and  complete  titanium  removal.  The 
subsequent  tip  forming  process  consists  of  IBE  with  Ar  at  normal  incidence 
of  the  argon  ion  beam  to  the  substrate  surface.  An  acceleration  voltage  of 
1200  V  was  selected  and  the  argon  pressure  was  set  to  0.15  Pa  in  the  IBE 
apparatus  (CSC  VIII-C).  The  faceting  of  projecting  rectangular  edges  is  an 
inherent  attribute  in  IBE  and  is  here  used  for  tip  forming.  The  angle  of 
faceting  is  dependent  on  substrate  material,  beam  energy,  beam  incidence 
and  mass  of  the  ions  used  (Carter  1984).  Figure  1  shows  on  its  left  hand 
side  a  high  magnification  SEM  of  a  tip  after  forming  by  IBE.  The  tip 
radius  measures  here  approximately  25  nm.  To  further  decrease  the  tip 
radius,  the  wafers  were  steam  oxidized  at  900  °C  for  25  min.  As  published 
by  Marcus  and  Sheng  (1982)  oxide  growth  under  these  conditions  is  reduced 
at  locations  of  high  curvature  compared  with  locations  of  low  curvature. 
Therefore  a  very  sharp  silicon  tip  forms  under  the  growing  silicon  dioxide 
in  the  tip  region.  Removal  of  the  grown  silicon  dioxide  with  buffered  HF 
completes  the  fabrication  process  and  yields  tip  radii  of  about  10  nm  or 
less.  This  is  shown  on  the  right  hand  side  in  Figure  1.  A  SEM  taken  from  a 
cleaved  array  of  sharpened  silicon  field  emitters  is  shown  in  Figure  2  and 
demonstrates  the  high  performance  and  reproducability  of  the  fabrication 
method  described  here  in  detail. 

The  second  method  for  the  fabrication  of  arrays  of  silicon  field  emitters 
is  based  on  RIE  with  boron  trichloride/oxygen  chemistry  using  a  slowly 
erodable  mask.  Silicon  wafers  were  prepared  as  follows.  After  steam 
oxidation  as  described  before  the  wafers  were  coated  with  0.2  urn  Permalloy 
and  0.2  urn  titanium  by  sputtering.  The  photolithography  applied  and  the 
subsequent  titanium  etching  process  were  performed  as  aforementioned. 
After  photoresist  removal  the  etched  titanium  pattern  was  transfered  into 
the  Permalloy  layer  by  RIBE  with  a  gas  mixture  of  argon  and  nitrogen.  RIE 
with  40  ml/min  boron  trichloride  and  2  ml/min  oxygen  at  a  pressure  of  2  Pa 
was  used  for  silicon  etching.  Titanium  etches  at  nearly  the  same  rate  as 
silicon  in  this  process  but  Permalloy  is  only  slightly  attacked  by  the 
sputter  component  of  the  process.  In  particular  the  edges  of  the  dot-like 
Permalloy  structures  are  affected.  This  leads  to  shrinking  of  the 
Permalloy  dots  until  they  vanish.  If  Permalloy  thickness  and  dot  size  are 
properly  chosen  silicon  cones  are  the  result  of  the  etching  process.  As 
described  before  cleaning  with  buffered  HF  followed  by  low  temperature 
oxidation  and  oxide  removal  for  tip  sharpening  completes  the  process. 
Figure  3  shows  a  SEM  of  silicon  tips  fabricated  by  this  method.  The 
opening  angle  of  the  silicon  cones  can  be  determined  from  this  figure  to 
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Figure  1:  SEM's  of  silicon  tips  after  forming  by  IBE  with  Ar  (left)  and 
after  sharpening  (right),  taken  at  60°  substrate  tilt  angle. 
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be  approximately  35°,  the  substrate  tilt  angle  of  60°  having  been  taken 
into  account  . 

3.  DISCUSSION 

With  the  exception  of  tip  sharpening  by  oxidation,  both  processes,  if 
properly  modified,  can  also  be  applied  in  the  fabrication  of  metallic 
field  emitter  arrays.  The  second  fabrication  method  described  here  does 
not  allow  an  independent  choice  of  tip  height  to  tip  spacing.  It  does, 
however,  yield  a  cone  angle  of  the  silicon  tips  small  enough  to  allow  a 
ratio  of  tip  height  to  tip  spacing  greater  than  unity.  The  first 
fabrication  method  presented  here  in  detail  gives  the  necessary 
flexibility  to  produce  densely  packed  microstructures  of  high  aspect  ratio 
for  field  emission  purposes.  A  detailed  discussion  of  the  (high) 
performance  and  (high)  reproducability  of  this  method  would  go  beyond  the 
scope  of  this  paper  and  the  space  available.  However,  in  conclusion  it  can 
be  stated  that  all  surfaces  of  the  silicon  columns  are  in  the  plane  of  the 
wafer  surface  before  tip  forming  starts  and  the  column  diameters  are  all 
virtually  identical  since  their  definition  is  obtained  from  the 
diffraction  limited,  areal  image  of  a  regular  array  of  structures  on  the 
photomask.  The  opening  angle  of  the  tips  is  approximately  60°  and  therefore 
variations  in  column  diameter  are  transfered  into  variations  of  the 
vertical  tip  position  at  only  a  ratio  of  about  unity  and  without  changing 
the  shape  of  the  tip. 
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Fabrication  of  a  fine  heating  element  for  microelectronics 


S.Hoshinouchi,  M.Kobayashi,  N.Morita,  Y.Hashimoto,  K.Sano*  and  H.Nakanishi* 

Manufacturing  Developement  Laboratory, Mitsubishi  Electric  Corporation, 

8-1 -1  Tsukaguchi-Honmachi , Amagasaki , Hyogo , Japan 
*  Kyoto  Works, Mitsubishi  Electric  Corporation, 

1  Zusho  Baba,  Nagaokakyo, Kyoto, Japan 

Abstract:  Fabrication  of  a  fine  heating  element  operative  at  1300  K  is 
described.  The  device  was  constructed  of  a  deposited  tungsten  film 
on  a  sapphire  substrate  and  a  welded  platinum  wire  lead.  The  tungsten 
film  had  an  interface  layer  of  a  deposited  titanium  layer  onto  the 
sapphire  substrate.  The  heating  device  was  operative  below  1113  K 
because  of  titanium  migration  to  the  tungsten  film. 


1 . Introduction 


There  is  a  possibility  to  fabricate  a 
fine  heating  element  by  using  thin  film 
technology,  instead  of  a  conventional 
heater.  Many  methods  are  known  for 
making  thin  film  such  as  sputtering, 
ion  mixing,  chemical  vapour  deposition 
and  screen  printing  technique.  The 
screen  printing  technique  has  advantages 
of  low  cost  and  ease  of  implementation, 
but  disadvantages  in  terms  of  precision 
and  miniaturization.  We  have  tried  to 
make  thin  films  on  sapphire  substrates 
or  sintered  aluminum  nitride 
(AIN)  substrates  with  the 
above  many  kinds  of  technique. 

In  this  paper,  we  mainly 
discuss  the  fabrication  and 
evaluation  of  a  tiny  heating 
device  made  with  the  sputter¬ 
ing  method, which  is  constructed 
of  a  deposited  tungsten  film  on 
a  sapphire  substrate  and  can 
be  operated  at  1300K  in  vacuum. 

2. Production  of  Heating  Element 

The  heating  element  is  shown  in 
Flg.1.  The  substrate  was  made 
of  a  single  crystal  sapphire 
having  a  polished  mirror-like 


Haotlng  Etonian,  IW)  Pud 


Fig.1  A  schematic  diagram  of 
the  heating  element 


Table  1  Manufacturing  process  and 
operation  test  sequence 


sequence 

proems  ste p 

note 

1 

cleaning  of  substrate 

nouna  agent :  CoCOj 

2 

metoWzotion 

equipment  S8H- 3306 RCE<  trade  mxk,  mode 
by  ULVAC  Corporation  :  Japan ) 
target  ,  w  99  95  V.  purity 

3 

coating  of  photo  resist 

WrtR-747 (trade  mar* ,  made  by  Eastman 

Kodak  Company ) 

containing  <toove  00  per  cent  xylene 

4 

exposure 

pres*re  mercury  klip 

5 

development 

Negative  Oevetopper  (trade mar*,  made  by 
Eastman  Kodak  Company ) 

6 

wet  etcNng 

KC  FSICNlo  3  +  NoOH  +  H20 

7 

line* 

OMR^-SOJ  (irademarti,  mode  by  H*yo  onto 

8 

weldtog  of  ten) 
wires  to  film 

para*el  aap  retfetance  welder 

PT  wire  In  90  micron  Jameter 

9 

mousing  on  0om 
MM  oacuotlon 

to.  at  io^*  po 

10 

<w*mg  po«ar 

5V  ,  0.3A 
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surface.  The  dimensions  of  the  substrate  were  3mm  length, 5mm  width  and 
0.3mm  thickness.  The  heating  element  on  the  sapphire  substrate  was 
made  of  a  tungsten  stripe  having  3  micron  thickness,  200  micron  line 
width  and  a  meander  shape.  Tungsten  was  deposited  with  a  columnar 
structure  of  the  film  in  the  perpendicular  direction  to  the  substrate 
surface.  Pads  had  a  square  shape  of  0.4  mm  X  0.4  mm  and  were  used  to 
connect  a  lead  wire. 

The  manufacturing  flow  chart  is  shown  in 
Table  1 .  The  substrate  was  degreased  by- 
rubbing  with  calcium  carbonate  powder  on  a 
wetted  cloth  before  deposition.  We  used 
sputtering  method  to  deposit  tungsten  on  a 
sapphire  substrate.  This  method  is  advan¬ 
tageous  in  case  of  a  high  refractory  metal 
such  as  tungsten  because  a  high  purity  film  can  be  obtained.  The 

sputtering  condition  is  shown  in  Table  2.  The  pattern  of  the  heating 
element  was  made  with  photolithography.  KMR-747  (  Trade  mark,  made  by 
Kodak)  was  used  for  resist  material,  and  the  thickness  of  the  coated 
resist  was  1.5  micron.  Exposure  was  done  with  a  high  pressure  mercury 
lamp.  The  Negative  developer  made  by  Kodak  was  used  for  developing. 
The  etching  of  the  tungsten  film  was  done  at  303  K.  The  etchant  was 

composed  of  potassium  f errocyanide ,  sodium  hydrate  and  pure  water.  The 

exposed  resist  on  the  substrate  was  removed  with  OMR  502  (  Trade  mark, 

made  by  Tokyo  Ohka  )  after  the  etching.  A  try  was  done  for  welding  of  a 
platinum  wire  in  80  micron  diameter  to  the  pad  with  a  parallel  gap  welder, 
but  the  film  could  not  hold  even  a  small  lead  wire.  Lift  or  peeling  of  the 
film  occured  from  the  area  where  the  platinum  wire  was  welded,  because  the 
adhesive  strength  of  the  deposited  tungsten  film  was  too  weak. 


Table  2  Sputtering  condition 


RF  POWER 

500  W 

A r  PRESSURE 

053  Pa 

SUBSTRATE  TEMPERATURE 

523  K 

DEPOSITION  RATE 

/  hr 

2.1  Improvement  in  Adhesive  Strength 

The  peel-off  phenomenon  suggests 
that  the  tungsten  atom  bonds  weakly 
to  the  oxygen  atom  of  the  sapphire. 

We  introduced  a  titanium  layer 
between  the  tungsten  film  and  a 
sapphire  substrate.  Titanium  was  at 
first  deposited  onto  a  sapphire 
substrate,  and  then  tungsten  was  de¬ 
posited  onto  the  formerly  deposited 
titanium  layer,  sequentially. 

The  titanium  layer  was  0.05  micron 
thick,  and  the  tungsten  layer  was  3 
micron  thick.  The  welding  of  a 
platinum  wire  was  again  tried  to  the 
tungsten  film  with  the  same  method, 
and  it  was  successfully  completed. 

Fig.  2  shows  the  improvement  in  the 
adhesive  strength  of  the  deposited 
film.  The  abscissa  describes  the 
applied  power  in  the  welding 
operation, and  the  ordinate  describes  Fig. 2  Improvement  in  the  adhesive 
the  tensile  strength  of  the  welded  strength  of  the  deposited  film 

platinum  lead  when  the  lead,  is 

pulled  in  the  direction  of  45  degrees  from  the  element.  A  remarkable 
improvement  in  adhesive  strength  was  obtained.  However,  beyond  4* 5  watts 
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seconds  of  the  welding  power,  small  cracks  were  observed  in  the  sapphire 
substrate.  Those  cracks  make  the  tensile  strength  of  a  connecting  lead  weak. 

2.2  Device  Fabrication 

The  heating  element  was  assembled  on  a  glass  stem,  and  each  lead  wire  was  connected  to  each 
stem  lead  in  order  to  apply  the  operating  voltages.  The  assembly  was  mounted  in  a  vacuum 
envelope  and  evacuated  to  a  pressure  of  lO^Pa. 

3.  Operation  Test 

The  temperature  of  the  heating  element  could  be  elevated  to  1300  °K  by  applying  a  power  of  5 
volts  and  0.3  amperes. 


Fig. 3  A  photograph  of  the 
heating  element  in  an 
operating  condition 


Fig. 4  Changes  of  the  heating  element 
temperature  in  the  cycling  test 


Typical  surface  of  lha  film 


Typical  aurfoca  of  ttw  film 


Crtse  Mellon  at  an  and  of  tt»  Mm  Cross  taction  or  an  and  of  m*  fHm 

(a)  Baton  operation  (b)  After  operation  at  H73K 


Fig. 5  Secondary  Electron  Image  of  the  W  film  on  the  Ti  layer 
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Fig. 3  shows  the  heating  element  being  in  an  operating  condition.  Operation 
tests  were  implemented  in  various  conditions.  Fig. 4  shows  changes  in  the 
element  temperature  in  cycling  test  of  1  minute  on  and  3  minutes 
off.  The  abscissa  shows  the  summation  of  "on  time",  and  the  ordinate 
shows  the  element  temperature  obtained  by  applying  the  given  power  to  each 
samples  at  the  start  point.  At  1173  K  operating  temperature  condition,  a 
big  change  was  observed  in  the  tungsten  film  exceeding  100  hours. 
Some  cracks  and  lifts  appeared  in  the  tungsten  stripe,  locally,  and  thus 
the  features  of  the  film  changed  remarkably,  as  shown  in  Fig. 5.  Also,  the 
film  shrank  in  the  edge  toward  longitudinal  direction.  The  element  resis¬ 
tivity  increased  in  accordance  with  the  film  state  change.  The  test  result 
teaches  us  that  some  phenomena  occur  in  between  1113  K  and  1173  K. 

4.  Discussion 

The  titanium  interface  layer  increased  the  adhesive  strength  of  the 
deposited  tungsten  film  to  the  sapphire  substrate,  as  described  the 
previous  section.  Nishiguchi  et  al(1988)  studied  on  valence  electron 
structure  of  the  metal-ceramics  interface  with  Auger-analysis.  They  used 
the  evaporated  film  of  chromium,  copper,  and  titanium  on  a  silicon  dioxide 
or  single  crystal  silicon  substrates.  They  reported  in  the  paper  that 
oxygen  atom  makes  strong  metal-ceramics  bond.  However,  it  is  not  clear 
that  oxygen  atom  has  same  role  in  case  of  the  deposited  titanium  or 
tungsten  film  by  sputtering  on  a  sapphire,  single  crystal  aluminum  oxide. 

It  is  known  that  titanium  changes  the  crystal  phase  from  alpha  form  to  beta 
form  at  1155  K.  Our  experimental  results  suggest  that  beta  titanium  can 
easily  migrate  to  tungsten  and  promotes  the  recrystallization  of  tungsten 
film  in  the  operating  condition  of  1173  K  resulting  in  cracks,  lifts  and 
shrinks. 

An  aluminum  nitride  substrate  seemed  to  make  the  same  bond  strength  of 
the  platinum  wire  to  the  deposited  film  as  a  sapphire,  but  the  electrical 
conductHty  increased  extremely  at  the  aimed  operating  temperature. 
The  application  of  the  device  will  be  restricted. 

5.  Conclusion 

The  deposited  titanium  interface  layer  increased  the  adhesion  of  deposited 
tungsten  film  to  a  sapphire  substrate.  The  device  could  be  elevated  at 
the  operating  temperature  of  1300  K.  However,  the  layer  caused  a  fatal 
damage  to  the  tungsten  film  for  >  one  hundred  hours  operation  in  case  of  the 
operation  temperature  of  1155  K.  In  order  to  make  the  fine  heating  ele¬ 
ment  operative  at  1300  K  for  long  hours,  we  should  improve  the  deposited 
tungsten  film  and  welding  of  a  lead  wire. 
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Silicon  field  emitter  arrays:  fabrication  and  operation 


PC  Allen 

Thom  EMI  Central  Research  Labs.,  Dawley  Road,  Hayes,  Middlesex  UB3  1HH 

Simple  arrays  of  field  emission  points  have  been  fabricated  on  silicon  by  isotropic  etching 
and  also  by  isotropic  plus  anisotropic  etching.  Both  methods  have  produced  desirable 
geometries  which  are  not  easily  predicted  from  etch  rate  data.  Electric  field  modelling  has 
been  used  to  predict  the  effect  of  the  emitter  tip  cone  angle.  Array  emission  has  been  observed 
in  a  number  of  experiments.  When  high  voltages  are  required  the  individual  emitters  are 
susceptible  to  catastrophic  failure.  Single  emitters  have  also  been  successfully  fabricated  and 
used  as  cold  cathodes  in  experimental  triode  valves. 


1.  INTRODUCTION 

Electronic  devices  based  on  field  emission  of  electrons  provide  at  least  as  much  scope  for 
complexity  as  we  see  in  conventional  electronic  devices.  With  this  in  mind  we  have  resisted  the 
temptation  to  begin  this  research  with  a  study  of  complex  structures.  We  have  decided  rather  to 
build  a  base  for  future  work  by  concentrating  our  efforts  on  the  fabrication  of  basic  arrays  of 
points  in  silicon  and  examining  their  electrical  characteristics  and  modes  of  failure.  All 
fabrication  methods  described  here  involve  the  undercutting  of  square  oxide  caps  (formed  by 
conventional  lithography)  on  silicon.  Some  effort  has  been  devoted  to  the  modelling  of  electric 
field  between  point  arrays  and  a  common  anode  plane.  To  further  examine  the  basic  behaviour 
of  emitters  we  have  fabricated  single  points  from  silicon  and  also  from  fine  tungsten  wires.  We 
have  also  fabricated  a  basic  triode  valve,  with  overall  dimension  of  less  than  3  mm,  with  a  single 
field  emitting  cathode  formed  from  silicon. 


2.  TWO  STAGE  (ISOTROPIC/ANISOTROPIC)  ETCHING  OF  ARRAYS 

This  fabrication  method  relies  on  the  formation  of  an  array  of  smoothly  curved  mesas,  by 
isotropic  etching  which  is  then  followed  by  a  strongly  anisotropic  etch  in  order  to  form  sharply 
pointed  geometric  shapes  and  release  the  original  oxide  caps.  The  initial  20  pm  pitch  array  of 
15  pm  square  oxide  caps  is  formed  on  thermally  oxidised  <100>  cut,  n-type,  5  ohm  cm.,  polished 
silicon.  The  structure  is  etched  in  HF:HN03:CHjC00H  (9:75:30  by  volume)  at  22  °C  with 
gentle  agitation,  which  gives  results  than  are  broadly  consistent  with  the  findings  of  Peterson 
et  al  (1982).  This  process  is  monitored  and  terminated  when  the  area  of  silicon  under  the  oxide 
caps  is  at  the  limit  of  optical  resolution  (ie  about  1  pm2).  The  structure  is  then  transferred  to  the 
strongly  anisotropic  etch  KOH:HzO  (44  gm  per  100  ml)  at  85  °C.  After  a  period  of  about  1 
minute  the  oxide  caps  are  released  and  the  etch  is  terminated.  The  arrays  of  emitters  produced 
by  this  method  have  typical  tip  radii  of  about  50  nm  and  overall  height  of  about  10  pm  as  shown 
in  micrograph  1.  Figure  1  shows  the  structures  produced  in  terms  of  the  <110>  and  <211  >  crystal 
planes  which  we  believe  form  this  shape.  This  is  consistent  with  the  development  of  the  fast 
etching  planes  which  are  the  closest  to  the  surfaces  produced  by  the  original  isotropic  etch.  This 
is  in  agreement  with  the  data  of  Weirauch  (1975),  which  is  shown  in  figure  2,  where  we  believe 
the  unidentified  fast  etching  plane  is  the  <21 1>.  In  this  case  our  emitters  are  self  sharpening 
because  the  <100>  apex  of  our  points  etches  more  slowly  than  the  <21 1>  walls. 
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ANGLE  FROM  (111)  (ALONG  THE  (Oil)  ZONE) 


Figure  1:  Isotropic  /  anisotropic  emitter 
3.  ISOTROPIC  ETCH  FABRICATION 


Figure  2:  KOH  silicon  etching  (courtesy 
D.F.  Weirvtch,  Texas  Instruments). 


It  was  originally  thought  that  using  only  an  isotropic  etching  would  lead  to  large  tip  radii  due 
to  attack  of  die  apex  when  the  oxide  caps  are  lost.  This  has  not  occurred  in  our  experiments 
however.  The  most  favourable  results  have  been  obtained  using  the  etch  HF:HN03:CH3C00H 
(2:95:3  by  volume)  at  0  °C  -  which  in  fact  does  show  some  degree  of  anisotropy.  Applying  this 
etch  to  the  patterned  silicon  eventually  releases  the  oxide  caps  to  produce  the  features  shown 
in  micrograph  2.  An  advantageous  feature  of  this  structure  is  die  very  acute  angled  tip  which  is 
well  differentiated  from  the  smoothly  curved  main  structure.  Examination  by  SEM  has  revealed 
tip  radii  of  as  little  as  15  ntn. 


4.  ELECTRICAL  OPERATION  EXPERIMENTS 

Our  earliest  experiments  were  carried  out,  at  a  pressure  of  103  to  KT*  mbar,  using  the  experimental 
arrangement  shown  in  figure  3.  The  planar  anode  was  of  identical  material  to  the  cathode,  which 
was  a  silicon  array  as  described  in  section  2. 

The  cathode  was  isolated  in  the  centre  of  microscope  slide  and  the  spacing  set  at  100  pm  with 
Mylar  film.  A  micrometer  was  used  to  carefully  reduce  the  anode  to  cathode  spacing  until  a 
short  circuit  occurred.  At  this  point  the  micrometer  was  unscrewed  a  minute  amount  to  obtain 
an  open  circuit  and  an  unstable  current  was  passed  in  forward  bias.  After  about  10  hours  the 
forward  current  stabilised  and  no  reverse  bias  current  could  be  obtained  below  135  volts.  The 
structure  could  be  operated  in  this  stable  fashion  for  currents  up  to  8  pA  with  voltages  of  up  to 
5  volts.  For  our  measured  tip  radii  this  result  is  not  consistent  with  predictions  (for  metallic  or 
semiconducting  emitters)  based  on  the  Fowler-Nordheim  theory  (1928)  unless  we  consider 
tip-anode  spacings  of  less  than  50  nm  -  which  is  highly  improbable.  We  have  found  no  satisfactory 
explanation  for  this,  other  than  the  existance  of  unresolved  features  (on  an  atomic  scale)  on  our 
emission  tips. 

Arrays  were  also  tested  in  pressures  of  less  than  lO^mbar  where  large  spacings  and  voltages 
could  be  employed  without  causing  low  pressure  gas  discharges.  With  gold  evaporated  onto  the 
array  and  emitter  anode  distances  of  less  than  10  pm  appreciable  field  emission  currents  flowed 
at  about  1500  volts  bias.  Numerous  Fowler-Nordheim  plots  for  these  structures  confirm  that 
field  emission  is  occurring  (see  figure  4).  In  these  experiments  typical  array  areas  of  1  cm*  (some 
2.5  x  105  points)  were  used  although  comparing  the  data  with  predictions  indicates  that  only 
about  \%  of  these  were  active.  Attempts  to  obtain  high  current  by  increasing  the  bias  caused 
visible  flashes  between  anode  and  cathode.  SEM  examination  of  the  array  indicates  that 
individual  operating  emitters  were  failing  in  a  catastrophic  manner  as  shown  in  micrograph  3. 
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Figure  3:  Experimental  arrangement  Figure  4:  Fowler-Nordheim  plot  of  data 


5.  PRELIMINARY  MODELLING  RESULTS 

In  our  investigation  of  emission  from  simple  arrays  we  recognize  that  an  important  consideration 
is  the  angle  of  the  emitter  cone.  To  assess  the  field  at  the  emitter  tip  as  a  function  of  this  angle. 
We  have  programmed  a  micro  computer  to  perform  an  iterative  finite  element  analysis  on  a  SO 
x  50  element  array  representing  the  space  containing  tire  emitter  and  anode. 

This  was  tested  by  solving  for  electrode 
geometries  with  known  solutions  and  was  found 
to  be  accurate  to  within  1%.  Figure  5  shows  a 
generalised  solution  for  well  separated  emitters 
which  project  half  way  to  the  anode  from  a 
continuous  metallic  surface.  For  parallel  sided 
spikes  we  predict  a  maximum  value  of  0.5V/ir 
which  should  be  compared  to  the  theoretical 
maximum  of  V/r  for  a  spherical  electrode  in  a 
Faraday  cage  and  also  to  the  value  of  0.36V/r 
obtained  by  Schroder  etaL  (1974).  For  our  array 

the  maximum  value  of  6  is  30 degrees  which  gives  C0NE  ANQLE  (DEGREES) 

a  sufficient  field  to  explain  our  observations.  Figure  5:  Held  vs  emitter  angle 


6.  SINGLE  EMITTERS  IN  SILICON  AND  TUNGSTEN 

Single  emitters  have  also  been  fabricated  (i)  in  silicon  and  (ii)  in  fine  tungsten  wires  by  the 
method  of  Hubner  (1983). 


Silicon  points  were  fabricated  by  cleaving  silicon 
wafers  at  acute  angles  and  etching  and  these  were 
usually  gold  coated  before  use.  The  silicon 
structures  had  typical  radii  of  100  nm  whilst  we 
have  produced  tungsten  points  with  radii  as  low 
as  30  nm.  Figure  o  shows  a  simple  triode  valve 
has  also  been  constructed  using  a  single  silicon 
emitter.  The  50%  transmitting  copper  grid  is  used 
to  extract  electrons  from  the  point  and  those  not 
absorbed  by  it  continue  on  to  me  phosphor  coated 
anode  with  sufficient  energy  to  cause  emission  of 
light  1700  volts  on  the  grid  and  anode  produces 
a  cathode  current  of  about  10  pA.  A  reduction  of 
the  grid  bias  to  1400  volts  results  in  zero  anode 
current 


Figure  6:  Experimental  triode 
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7.  CONCLUSION 

The  fabrication  techniques  described  are  capable  of  producing  reasonably  uniform  emitter  arrays 

over  a  3  inch  silicon  wafer.  Due  to  inhomogenities  in  the  etching  there  are  variations  in  emitter 

height  although  the  field  emission  is  insensitive  to  this  for  small  anode  emitter  spacings.  More 

of  a  problem  is  small  variations  in  tip  radius  which,  we  presume,  cause  the  initial  emission  from 

only  1%  of  the  array.  The  subsequent  destruction  of  these  individuals  at  higher  voltage  is 

believed  to  be  a  consequence  of  incident  energy 

(associated  with  1 .5  keV  electrons)  on  the  anode.  SEM 

examination  has  revealed  anode  and  emitter  damage 

following  the  occurrence  of  "flashes".  This  could  1 

explained  by  plasma  arcs  formed  in  material  ejected 

from  the  anode  surface  by  the  incident  electrons.  If 

this  is  so  the  problem  could  be  solved  by  using  lower  Bg|| 

work  function  materials  for  the  emitters.  This  would  HFf  T  1  ^  ”§m  !jf 

result  in  lower  operating  voltages  which  would  reduce  t.f  ,*  wjg^llljFS 

the  energy  at  the  anode. 

With  the  one  exception  described  earlier  we  have  been  §§8g  it-’&k.'''  '* 

able  to  explain  our  results  in  terms  of  field  emission  3  p 

from  point  arrays.  It  should  be  noted  however,  that  our 

"rogue"  result  was  obtained  in  a  low,  but  appreciable, 

gas  pressure  which  may  have  affected  the  operation.  Micrograph  l 
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Micrograph  2  Micrograph  3 
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Fabrication  of  ultrathin  insulator  films  on  n-Si  substrate  for  electron 
tunnelling  emitter  arrays 
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Abstract:  Ultrathin  silicon  dioxide  layers  on  silicon  were  formed  by 

chemical  oxidation  of  silicon  as  an  insulator  in  MIS  tunnelling 
emitter.  The  honeycomb  structure  of  MIS  diodes  proved  that  the 
dominant  charge  transport  through  the  insulator  layer  is  tunnelling  and 
good  quality  ultrathin  oxide  layer  cam  be  formed  on  silicon  by  the 
chemical  oxidation. 


1.  INTRODUCTION 

The  tunnelling  emitter  is  expected  to  have  very  promising  characteristics 
as  a  cathode  of  vacuum  tubes,  because  of  its  higher  emission  density, 
lower  noise  temperature ,  higher  reliability  and  so  on,  compared  with 
those  of  usual  thermal  cathodes.  Although  the  studies  on  electron 
tunnelling  emission  from  MIM  structure  retroacts  to  the  early  1960's, 
recently  the  emitter  has  become  of  major  interest  again  in  connection  with 
vacuum  microelectronics  and  many  other  vacuum  devices.  Tunnelling  emitter 
arrays  formed  in  Metal-Insulator-Semiconductor  structure  (MIS)  have 
several  merits  as  a  fine  cathode  for  such  uses,  because  it  is  possible  to 
deposit  a  high  quality  insulator  film  on  semiconductor  by  using  semi¬ 
conductor  processing  technologies  and  to  apply  uniform  electric  field  on 
MIS  diode,  resulting  in  higher  brightness  on  tunnelling  emission. 

In  this  paper,  we  describe  the  fabrication  of  Si02  films  formed  by 
chemical  oxidation  of  silicon  and  tunnelling  characteristics  of  the  MIS 
diodes  with  these  films.  The  results  obtained  have  shown  that  this  method 
of  ultrathin  oxide  growth  can  be  applied  in  manufacturing  a  MIS  tunnelling 
emitter. 

2.  FABRICATION  OF  Si02  FILM 

The  tunnelling  emitter  investigated  has  a  honeycomb  structure  as  is 
illustrated  in  Figure  1.  n-type  silicon  wafers  with  a  resistivity  of  a 
few  flcm  were  used  as  the  substrates.  AuSb  was  evaporated  on  the  back 
surface  of  the  wafer  to  provide  a  good  ohmic  contact.  After  depositing 
silicon  dioxide  with  thickness  of  around  lpm  by  rf  sputtering,  a  film  of 
aluminium  was  vacuum  deposited  on  the  silicon  dioxide  to  provide  the 
positive  electrode  in  MIS  tunnelling  diode.  The  top  aluminium  and  the 
silicon  dioxide  are  etched  down  to  the  silicon  base  to  form  a  honeycomb 
structure  by  photolithographic  techniques.  The  silicon  base  is  slightly 
etched  in  dilute  HF  solution.  Then  the  silicon  surface  is  oxidized  in 
boiling  HCI-H2O2-H2O  solution.  The  MIS  test  structure  is  subsequently 
formed  by  vacuum  evaporation  of  aluminium  on  the  oxidized  silicon  surface. 
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Fig.l  Schematic  view  of  the  electron 
tunnelling  emitter  with  a  honeycomb 
structure. 


The  thickness  of  the  metal  electrode 
in  tunnelling  emitter  should  be  thin 
enough  to  reduce  the  scattering  of 
electrons  in  the  metal.  Therefore 
the  honeycomb  structure  is 
favorable  in  application  of 
uniform  electric  field  on  the 
ultrathin  metal  electrode. 

Prior  to  the  study  of  the  tunnel¬ 
ling  characteristics  on  MIS  diodes, 
we  investigated  the  thickness  and 
the  quality  of  oxide  layer  of 
silicon  by  the  x-ray  photoelectron 
spectroscopy  (XPS) . 

Figure  2  shows  the  intensity  of 
emitted  electrons  from  Si-2p  orbit 

as  a  function  of  the  binding  energy  for  a  sample  oxidized  in  boiling 
dilute  HC1  solution  for  10  minutes.  The  highest  peak  at  near  99eV  of 
binding  energy  is  the  emission  from  the  silicon  base  and  the  subsholder 
near  the  peak  corresponds  to  the  emission  from  Si-H  bonds.  The  second 
peak  near  103eV  is  the  emission  from  silicon  dioxide.  A  subpeak  might 
appear  between  these  peaks  corresponding  to  the  emission  from  the  silicon 
suboxide,  but  it  should  be  very  small  in  amount.  We  also  examined  the 
oxide  layer  deposited  on  silicon  by  rf  sputtering  of  silicon  dioxide.  The 
emission  spectrum  was  distributed  between  these  main  peaks,  which  su jested 
that  many  types  of  suboxide  were  grown  in  the  thin  oxide  layer  deposited 
by  sputtering.  Thus,  it  was  proved  that  the  properties  of  chemically 
oxidized  silicon  formed  a  fairly  good  layer  as  an  ultrathin  insulator  film 
for  MIS  diode.  The  dotted  curves  in  Figure  2  show  the  spectrum 
corresponding  to  each  material  such  as  silicon  base,  silicon  dioxide  and 
so  on,  which  are  analyzed  by  curve  fitting  on  the  measured  spectrum.  We 
can  estimate  the  thickness  of  the  oxide  layer  by  calculating  each  area 
surrounded  by  the  dotted  curves  and  assuming  the  escape  depth  of  electrons 
The  thicknesses  of  the  oxides  were  also  measured  ellipsometrically  and 
confirmed  to  be  coincident  with  each  other  in  both  measurements.  Hence, 
this  method  is  very  effective  in  determination  of  the  thickness  of  an 


Fig. 2  XPS  spectrum  of  a  n-type  silicon  surface  oxidized  in 
boiling  dilute  HC1  solution. 
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ultrathin  film. 

The  thickness  of  an  oxide  layer  is  independent  of  the  oxidation  time  after 
dipping  in  dilute  HC1  solution  for  one  minute  and  is  around  15A®.  The 
results  obtained  have  shown  that  this  method  of  oxide  growth  is  very 
attractive  for  fabrication  of  an  insulator  layer  in  MIS  tunnelling  diode 
due  to  the  reproducivility  of  high  quality  ultrathin  insulator  films. 

3.  I-V  CHARACTERISTICS  AND  DISCUSSION 


Figure  3  shows  the  typical  I-V  characteristics  obtained  for  MIS  diode  with 
silicon  dioxide  of  15A°  in  thickness. 

The  shapes  of  the  curves  of  both 
forwardly  biased  and  reversely  biased 
diode  can  be  qualitatively  explained 
as  follows.  For  forward  bias  conditions 
majority  carriers  in  the  n-type 
semiconductor  tunnel  through  the  oxide 
layer,  play  the  dominant  current  flow 
and  result  in  exponential  increase  in 
current  with  increase  in  bias  voltage. 

But  a  different  situation  appears  for 
reversely  biased  diodes.  Both  electrons 
in  the  metaj.  electrode  and  holes  in  the 
semiconductor  tunnel  through  the  oxide 
layer  and  the  current  flow  is  similar 
to  that  of  the  forward  bias  condition 
at  low  bias  voltage.  However,  when  the 
tunnelling  of  holes  from  the  semi¬ 
conductor  to  the  metal  electrode 
becomes  more  efficient  than  the  thermal 
generation  of  holes,  the  surface 
concentration  of  holes  is  so  small  that 
it  does  not  affect  the  total  charge 
within  the  semiconductor.  In  such  a 
case  there  is  no  inversion  layer  at  the 
semiconductor  surface  and  a  depletion 
layer  expands  into  the  semiconductor 
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Typical  I-V  character- 
obtained  for  MIS  diode 
with  silicon  dioxide  of  15A° 
in  thickness. 


Fig. 4  MIS  diode  energy  band  diagrams  for  forward  and  reverse 
bias  conditions. 
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with  increase  of  the  bias  voltage.  Hence,  the  applied  voltage  drops 
mainly  across  the  depletion  layer  in  the  semiconductor  and  a  limited 
number  of  electrons  in  the  metal  can  tunnel  through  the  oxide  layer 
resulting  in  the  saturation  on  the  current  flow. 

Figure  4  shows  the  schematic  band  diagram  under  forward  and  reverse  bias 
conditions.  From  the  figure,  the  above  explanations  are  easily 
understood. 

As  described  above,  the  I-V  characteristics  examined  for  the  HIS  diodes 
have  proved  that  the  dominant  current  flow  is  tunnelling  through  the  oxide 
layer  and  good  quality  ultrathin  oxide  layers  are  formed  on  silicon. 

4.  CONCLUSION 

We  fabricated  HIS  tunnelling  diods  with  a  honeycomb  structure  and 
measured  the  I-V  characteristics  of  the  diodes.  As  a  results  of  the 
studies,  it  has  been  proved  that  the  dominant  charge  transport  mechanism 
through  the  insulator  layer  is  tunnelling  and  good  quality  ultrathin 
oxide  layers  can  be  formed  on  silicon  by  the  Chemical  oxidation  in  dilute 
HC1  solution. 

We  will  soon  start  to  investigate  the  emission  characteristics  of  the 
diode. 
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Top-layer  scandate  cathodes  by  plasma-activated  CVD 
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ABSTRACT :  Thermionic  top-layer  scandate  cathodes,  which  are  still  unexcelled  as 
to  their  total  electron  emission  capability,  have  been  prepared  with  the  aid  of  PCVD  on 
conventional  impregnated  cathode  pills.  The  top-layer  of  W  +  was  deposited  by 
glow-discharge  activated  CVD  from  WF6/H2  and  SclCjfyO^  /  02  starting  compounds. 
A  characterization  of  die  PCVD  layers  is  given.  Emission  tests  of  these  PCVD  cathodes 
yielded  about  the  same  high  electron  emission  current  densities  as  for  the  best  conventio¬ 
nal  top-layer  scandate  cathodes.  There  is  promise  that  the  resistance  against  ion  bom¬ 
bardment  can  be  optimized  by  suitable  top-layer  substructure  and  composition. 

1.  INTRODUCTION 

For  most  (thermionic)  cathode  applications  in  vacuum  tubes,  e.g.  for  high  resolution  dis¬ 
plays  and  projection  TV,  there  is  an  increasing  need  for  higher  cathode  loadings  and/or 
longer  cathode  life.  Also  a  good  resistance  against  ion  bombardment  during  adverse  initi¬ 
al  processing  conditions  is  needed.  The  high  electron  emission  of  conventionally 
manufactured  scandate  cathodes  (fig.l),  where  die  top-layer  of  W  +  Sc203  is  prepared  by 
powder  pressing  and  sintering,  has  already  been  demonstrated  (Hasker  1986,1989a).  The 
aim  of  die  present  project  was  to  realize  scandate  cathodes,  which  besides  high  electron 
emission  should  also  show  improved  recovery  after  ion  bombardment.  This  new  type  was 
planned  to  consist  of  a  porous  4BaO:CaO:Al203  impregnated  tungsten  body  and  a  top-layer 
of  W  +Sc2Oj  to  be  provided  by  Plasma-activated  Chemical  Vapour  Deposition  (PCVD). 
PCVD  allows  the  realization  of  new  material  structures  and  has  the  advantage  of  good  pro¬ 
cessing  control.  Dc-glow-discharge  activated  CVD  had  already  been  applied  to  die  first 
successful  preparation  of  thoriated  tungsten  cathode  cylinders  (Gartner  et  at., 
1987a,1987b,1989b,1989c),  starting  from  an  initial  gas  phase  consisting  of  WF^  H2/  Ar 
and  an  organometallic  Th-compound.  Hence  the  existing  apparatus  was  adapted  for  the 
solution  of  this  new  problem. 

2.  EXPERIMENTAL 

WF6  ,  H2,  Ar  and/or  a  Sc-B-diketonate,  preferentially  Sc(CJH702>3  with  02  and  Ar  were 
used  as  gaseous  starting  compounds.  The  organometallic  Sc-compound  is  contained  in 
powder  form  in  a  temperature  controlled  low  pressure  evaporator  device  and  is  transported 
to  the  reactor  by  Ar  carrier  gas.  An  improved  version  of  die  tubular  quartz  reactor  (fig.2), 
previously  described  in  (1987a,b),  with  stainless  steel  and  substrate  inserts  was  additionally 
externally  heated  to  a  constant  wall  temperature  of  about  370  °C.  Hence  for  plasma  powers 
between  100  and  300  Watts  or  more,  the  contribution  of  thermal  CVD  is  negligible  .  The 
plasma  was  realized  as  a  normal  dc  glow  discharge  between  the  axial  anode  head  and  coaxi¬ 
ally  stacked  substrate  cylinders  serving  as  cathode. The  substrates  used  were  Cu  cylinders 
for  exploratory  and  test  rum  or  Mo  cylinders  with  cathode  pill  inlays  as  shown  in  fig.3.  The 
anode  and  hence  the  plasma  were  periodically  moved  up  and  down  with  an  amplitude  of 
e.g.  19  cm  and  an  anode  velocity  of  57  cm/min  in  order  to  obtain  uniform  deposits. 
Depending  on  the  mass  flows  of  the  source  gases  and  for  a  reactor  pressure  in  the  region  of 
6  to  12  mbar,  the  typical  layer  growth  rates  were  in  the  order  of  1  pm  /min,  which  were  later 
reduced  to  about  0.2  pm  /min. 
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3 .  CHARACTERIZATION 

The  first  results  of  simultaneous  PCVD  showed  that  ScF3  and  W2C  were  always  the  domi¬ 
nating  phases  in  the  deposit,  due  to  the  high  F-  and  C-loaid  of  the  inevitably  organometallic 
Sc-compounds.  This  is  partly  related  to  the  fact,  that  the  Sc/W  ratio  is  an  order  of  magnitude 
higher  than  the  Th/W  ratio  of  (1987a).  After  essential  modifications  of  the  PCVD  process, 
such  as  the  addition  of  an  oxidizing  gas  and  an  intermediate  plasma  treatment,  we  now  ob¬ 
tain  layers  which  show  good  adherence,  contain  W  and  Sc-oxide  as  solid  phases  and  have  a 
strongly  reduced  C-  and  F-  content.  An  approximately  constant  axial  W-  aid  Sc -concentrati¬ 
on  in  the  "plateau" -region  of  10  cm  width  was  obtained,  which  is  shown  in  fig.4.  Beside  the 
total  growth  rate  g  =  weight  gain  rate  per  cylinder,  centered  at  the  axial  position  numbered 
with  n  =  1....12,  also  the  results  of  a  SEM  microprobe  analysis  for  O  and  C  are  depicted  in 
fig.4  with  respect  to  the  axial  position  z.  The  thickness  of  the  single  sublayers  was  reduced 
from  about  200  nm  (fig.7)  to  about  30  nm.  An  AES  depth  profile  of  die  different  compo¬ 
nents  of  a  cathode  top-layer  is  depicted  in  fig. 5.  The  concentration  modulation  seen  here  is 
due  to  alternate  dynamic  PCVD,  but  is  usually  also  obtained  with  simultaneous  PCVD 
(1989c).  After  heating  to  1000  -  1 100  °C  in  vacuo  for  cathode  activation,  carbon,  fluorine 
and  also  the  sublayer-structure  disappear  and  a  suitable  mixture  of  Sc-oxide  (about  10  %  by 
weight)  and  tungsten  is  obtained  in  the  top-layer  (compare  fig.6).  In  the  case  of  PCVD  co¬ 
veted  impregnated  cathode  pills,  Ba  was  detected  at  die  surface  after  activation,  which  means 
that  the  desired  Ba  migration  to  the  surface  takes  place  through  the  pore  ends  and  the  PCVD- 
layer.  Fig  7  shows  a  part  of  a  cathode  cross-section  with  the  porous  impregnated  cathode 
body  and  the  PCVD  top-layer. 

4.  EMISSION  RESULTS 

Due  to  structural  improvements  mainly  by  applying  top-layers  of  about  0.2  pm  and  an  addi¬ 
tional  heat-treatment  in  a  low  pressure  Oz  containing  atmosphere,  thermionic  emission  tests 
of  PCVD  cathodes  yielded  about  the  same  high  emission  current  densities  as  for  the  conven¬ 
tional  scandate  cathodes  of  Hasker  et  al.( 1986, 1989a) .  The  PCVD  top-layer  scandate  catho¬ 
des  delivered  2.S  A  continuously  pulsed  peak-emission  current  from  an  emitter  area  of  1.8 
mm  diameter.  For  cathode  temperatures  above  950  °C  the  electron  emission  is  space-charge 
limited  in  the  available  parameter  range.  Therefore,  instead  of  trying  to  determine  saturated 
emission  values  subject  to  doubt,  PCVD-  and  conventional  cathodes  (marked  with  Nat.Lab, 
see  fig. 8)  were  compared  directly  in  a  close-spaced  plane  diode  configuration  .The  test  condi¬ 
tions  for  pulsed  emission  were:  cathode  to  anode  distance  d  =  0.6  mm,  pulse  duration  C  = 
100  psec,  pulse  repetition  rate  50  Hz.  For  comparison  the  conditions  of  (1986)  for  the  two 
characteristics  marked  with  scandate  and  M-cathode  are  also  given:  d  =  0.29  mm,tp  =  5  psec 
single  pulse.  Referenced  to  standard  conditions  at  950  °C  brightness  temperature  and  mean 
electric  field  strengths  of  1  kV  /  0.25  mm  ,  pulsed  space  charge  limited  emission  of  about 
100  A/ an2  was  realized.  It  can  be  seen  that  the  top-layer  scandate  cathodes  are  very  promi¬ 
sing  compared  to  one  of  the  previously  best  and  most  stable  impregnated  cathodes,  the  so- 
called  M-cathode  with  a  sputter-deposited  Os-Ru  top-layer,  which  only  reaches  20  A/cm2. 
For  the  PCVD  cathodes,  the  relationship  between  processing  and  emission  properties,  inclu¬ 
ding  the  recovery  after  ion  bombardment,  needs  further  examination. 

5. CONCLUSION 

Uniform  layer  structures  of  W  +  ScjGj  were  obtained  by  dynamic,  dc-glow  discharge  ac¬ 
tivated  CVD,  where  the  usual  difficulties  with  multicomponent  organometallic  PCVD  have 
been  overcome  by  major  modifications  of  the  process.  Impregnated  cathode  pills  with  these 
PCVD  top-layers  exhibit  about  the  same  high  emission  current  density  of  about  100  A/cm2 
under  standard  test  conditions  at  950  °C  as  the  best  conventional  top-layer  scandate 
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cathodes  .  Considering  the  structure  of  this  new  PCVD  cathode,  there  is  hope  of  obtaining 
good  resistance  to  ion  bombardment,  which  is  a  subject  of  future  investigation.  It  should  be 
noted  that  the  possibilities  of  this  new  microstructuring  approach  for  thermionic  cathode  im¬ 
provement  have  not  yet  been  fully  exploited. 
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Hg.l:  Schematic  representation  of  a  conventional  top-layer  scan- 
date  cathode.  The  ping  consists  of  about  0.4  mm  porous  W  with 
a  porous  top-layer  of  about  0.1  mm;  its  diameter  is  1.8  mm. 


Fig  2 
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Fig.4;  Axial  deposition  profiles  from  SUM  microprobe  ana¬ 
lysis;  g-  total  growth  rate  =  weight  gain  rate  per  cylinder. 
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Kg. 3:  Molybdenum  substrate  cylinder 
with  cathode  pill  inlays 


Kg.5:  AES  depth  profile  of  PCVD  top-layer 
of  W  +  SC2O3  before  cathode  activation 


Kg.6:  AES  depth  profile  after  beating  in  vacuo 
for  2  h  at  1 100  °C  (  C  and  F  are  at  the  detection 
level). 


VOTi?  i/vTcS]  - - 

Fig.8:  Scbottky  plot.  The  pulsed  test  conditions 
for  the  two  cathode  characteristics  marked  with 
PCVD  and  Nat  Lab.  (pulsed  test  «  open  symbols, 
de  test  -  solid  symbols)  were:  d  =■  0.6  mm,  pulse 
duration  tp  *  100  psec,  p  «  2-10'®  tort.  The  con¬ 
ditions  for  the  two  characteristics  from  (1986) 
marked  with  Scandate  and  M  were:  d  »  0.29  mm, 
tp  «5  paec,  p  «  MO" 10  loir. 
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Rg.7 :  SEM  micrograph  of  PCVD  cathode  cross  section. 
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Lateral  cold  cathode  triode  structures  fabricated  on  insulating  substrates 


Heinz  H  Busts 

Amoco  Technology  Company,  Amoco  Research  Center,  Naperville,  Illinois  60566, 
USA 


ABSTRACT:  We  have  fabricated  a  lateral  vacuum  transistor  to  investigate 
feasibility  for  high  speed  switching.  It  consists  of  a  metallic, 
triangular-shaped  emitter  on  a  glass  substrate  which  is  surrounded  by  an 
extraction  gate  electrode,  with  a  separation  between  emitter  and  gate  of 
300  nm.  A  metal  anode  completes  the  device.  We  measured  a  static  gain 
of  3  and  a  transconductance  of  6  x  10' 10  Siemens.  Several  shortcomings 
exist  in  the  design  of  this  device,  especially  in  the  positioning  of  the 
gate.  Ti  mprove  performance,  several  new  structures  were  designed  and 
fabricated  and  are  undergoing  performance  testing. 


1.  INTRODUCTION 

Interest  in  vacuum  transistor  devices  is  high  due  to  their  potential 
applications  in  flat  panel  vacuum  fluorescent  displays  and  in  high  speed 
radiation  hardened  circuits.  The  most  mature  structure  to  date  is  the 
Splndt  emitter  array  (Spindt  1983)  consisting  of  cone-shaped  metal  emitters 
with  extraction  gate  electrodes  surrounding  the  tips  of  the  emitters  in  an 
annular,  self-aligned  fashion.  This  is  a  vertical-type  structure  that  is 
particularly  well-suited  for  display  applications.  For  logic  circuit 
applications,  however,  some  difficulty  might  exist  in  reliably 
interconnecting  a  large  number  of  devices,  due  to  the  relatively  large 
vertical  feature  size  of  several  micrometer.* .  Lateral  -type  devices  might 
offer  some  advantages  in  this  respect. 

To  prove  feasibility  of  lateral- type  structures  and-  also  to  study  the 
performance  of  individual  emitters  rather  than  arrays,  we  have  designed, 
fabricated  and  tested  lateral  diode,  triode  and  tetrode  structures  on  glass 
and  fused  silica  substrates.  Initial  results  will  be  presented  in  this 
paper . 

2 .  TRIODE  STRUCTURE 

The  first  device  fabricated  consists  of  an  80  nm  thick  triangular-shaped 
NiCr  emitter  and  a  rectangular- shaped  collector  fabricated  on  a  2-inch 
diameter  soda  lime  substrate.  The  emitter  and  cathode  are  fabricated 
together  during  the  first  photolithographical  process.  The  substrate  is 
then  coated  with  a  300  nm  thick  silicon  nitride  layer  using  plasma  CVD,  and 
a  rectangular -shaped  pattern  is  formed  covering  the  tip  of  the  emitter.  The 
silicon  nitride  is  etched  in  buffered  HF.  The  substrate  is  then  covered 
with  a  1000  nm  thick  A1  layer  by  e-beam  evaporation,  and  the  extraction 
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electrode  and  contacts  to  the 
emitter  and  cathode  are  formed. 
The  sacrificial  nitride  layer  Is 
then  etched  In  HF  to  separate  the 
gate  from  the  emitter.  Figure  1 
shows  the  SEM  micrograph  of  the 
device . 

The  devices  are  tested  in  a  vacuum 
chamber  at  a  pressure  of  6  x  10'6 
torr  by  mounting  the  entire 
substrate  on  a  small  platform  and 
inserting  it  into  the  chamber. 
Contacts  to  the  terminals  are  made 
with  tungsten  probes  mounted  on 
Alessi  XYZ  manipulators .  These 
manipulators  are  part  of  the 
assembly  that  goes  into  the 
chamber.  After  testing  a  device, 
the  chamber  is  back-filled  to 
atmospheric  pressure.  The  probes 
are  then  repositioned  to  an 
adjacent  device,  and  the  chamber  is 
avoids  time-consuming  packaging  and 


Figure  1  SEM  micrograph  of  a  lateral 
vacuum  trlode. 

evacuated  again.  This  mode  of  testing 
wire  bonding  of  individual  devices. 


Figure  2  shows  the  collector  current  as  a  function  of  collector  voltage  for 
two  different  gate  voltages  for  the  device  in  Figure  1.  At  a  collector 
current  of  5  nA,  the  static  gain  of  this  device  is  approximately  3,  and  the 
transconductance  at  Vc  -  350  V  is  approximately  6  x  10"10S.  For  comparison, 
we  tested  a  commercial  6AN8A  vacuum  triode  and  obtained  a  gain  of 
approximately  20  and  a  transconductance  of  5  x  10~3  S.  Considering  that  the 
miniaturized  vacuum  triode  can  be  encapsulated  into  a  space  of  «  1  x  10"B  cm3 
(50  x  50  x  3  /im3)  using  proven  micromachining  techniques  (Guckel,  et  al  1985) 
and  that  the  6AN8A  utilizes  a  space 
of  “  10  cm3,  the  transconductance 
per  unit  volume  of  the  microdevice 
is  larger  by  two  orders  of 
magnitude . 


The  gate  current  for  the  330  V 
curve  in  Figure  2  ranged  from  15  to 
18  nA  and  that  of  the  335  V  curve 
from  24  to  30  nA  during  the 
measurement.  These  values, 
combined  with  the  low  collector 
currents  and  high  operating 
voltage,  are  not  acceptable  for 
commercial  applications . 

Several  factors  can  contribute  to 
this  poor  performance.  The  high 
gate  current  could  be  caused  by  the 
relatively  large  overlap  between 
emitter  and  gate,  and  the  high 
operating  voltage  by  a  large 
barrier  height  and  a  small  field 
enhancement  factor  near  the  tip. 
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Figure  2  Collector  current  versus 
collector  voltage  of  the  device  in 
Figure  1  for  different  gate  voltages. 
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To  improve  device  performance,  a 
new  mask  set  was  designed  allowing 
for  the  fabrication  of  sharper  tips 
and  smaller  gate-to-emitter 
overlaps.  To  investigate  the 
effect  of  barrier  height,  emitters 
will  be  fabricated  from  different 
materials . 

3 .  IMPROVED  DEVICES 

To  reduce  the  gate-to-emitter 
overlap,  the  gate  is  positioned  at 
the  tip  of  the  emitter  and  extends 
away  from  the  emitter  and  not 
toward  it,  as  is  the  case  in  Figure 
1.  Figure  3  shows  two 
configurations  incorporating  this 
design.  In  Figure  3a,  the  gate  is 
interrupted  near  the  tip,  whereas 
in  Figure  3b,  the  gate  is  raised 
above  the  emitter  using  the 
sacrificial  layer  technique 
employed  in  Figure  1.  Typical 
dimensions  are  2  to  4  |a  for  the 
gate  line  widths  and  emitter- to- 
collector  distances  of  4  to  10  fim. 
The  improved  structures  are 
fabricated  on  fused  silica 


a) 


b) 


EMITTER 


Figure  3  Lateral  triode  structures 
with,  a)  a  split  gate  and,  b)  a 
continuous ,  raised  gate . 


substrates.  This  eliminates  potential  ionic  currents  in  the  glass 
substrates  under  the  influence  of  large  electric  fields. 


To  form  sharp  tips  with 
reproducible  tip  radii,  a  two- 
exposure  technique  is  used.  A  tip 
similar  to  Figure  1  is  fabricated 
using  standard  litho graphical 
techniques.  This  is  shown  as 
"initial  exposure"  in  Figure  4.  A 
second  layer  of  photoresist  is 
applied,  and  the  same  mask  is  used, 
but  slightly  offset  to  define  the 
final  shape.  The  tip  is  thus 
formed  by  two  intersecting  lines 
and  is  independent  of  the  initial 
radius  of  the  mask  and  the 
processes  used  to  transform  the 
image  onto  the  substrate.  By  using 
this  method,  tip  radii  of  less  than 
30  nm  were  achieved  in  NiCr  and  Mo, 
with  film  thicknesses  ranging  from 
40  to  80  nm. 

Prior  to  completing  the  devices  as 


Figure  4  Two -exposure  technique  for 
tip  formation. 


shown  in  Figure  3,  a  150  nm  thick 

layer  is  removed  from  the  substrate  by  Isotropic  etching  (buffered  HF  for 


fused  silica).  This  slight  underetching  results  in  a  free-standing  emitter 
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tip,  thus  ensuring  ballistic 
transport  of  the  electrons  along 
their  Journey  to  the  collector. 


Devices  corresponding  to  Figure  3a 
are  completed  with  an  additional 
photolithographic  process  to  form 
the  gate  and  the  collector. 
Devices  corresponding  to  Figure  3b 
are  completed  with  two  processing 
steps- -one  for  the  sacrificial 
layer  formation  and  one  to  define 
the  gate  and  the  collector.  Figure 
S  shows  the  SEM  micrograph  of  a 
finished  device  according  to  Figure 
3b.  The  emitter  consists  of  60  nm 
of  NiCr  that  is  underetched  by  150 
nm.  The  gate  and  the  collector  are 
formed  of  1000  nm  thick  Al.  The 
emitter  can  be  contacted  by  two 
pads  allowing  for  heating  the  tip 
to  investigate  thermally  assisted 
field  emission  and/or  tip 
sharpening  at  elevated  temperature 


Figure  5  SEM  micrograph  of  an 
improved  triode  structure  according 
to  Figure  3b. 


under  the  influence  of  an  electric 


field. 


An  improved  test  apparatus  is  under  construction  to  test  these  devices. 
Initial  testing  (Figure  2)  was  performed  at  a  base  pressure  of  <*-')  x  10'6 
torr  on  non-baked  structures.  This  can  give  rise  tc  premature  arcing 
breakdowns  prior  to  the  onset  of  Fowler-Nordheim  emission  and  to  noisy 
currents  (Spindt,  private  communications).  With  the  new  apparatus,  devices 
can  be  UV  baked  and  tested  at  pressures  approaching  1  x  10"®  torr. 
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A  new  8-inch  ECR  source  for  dry  etching  processes  and  CVD  applications 


K.  Matl,  K.-H.  Kretschmer,  I.  Kessler,  W.  Katsschner 
Leybold  AG,  Sieraensstra/3e  100,  S755  Alsenau,  FRG 


AhUaagfei 

A  new  8-Inch-ECR-source  has  been  designed  by  LEYBOLD  for 
semiconductor  technology.  The  source  operates  in  the 
"down-stream"  mode  for  isotropic  etching.  Anisotropic 
etch  profiles  are  obtained  by  ion  beam  etching  with  grid 
extraction  of  ions  or,  alternatively,  ion  extraction  by 
an  additionally  applied  RF-power  at  the  wafer  table.  The 
capability  of  the  LH-ECR-source  is  demonstrated  by 
etching  of  polysilicon  and  contact  holeBin  PSG  or  SiOa 
with  fluorine  based  gases. 


Sanaa L  deacpiptjpn  <?f  the..  M-BSR-ffwrcg 

The  further  development  in  semiconductor  technology  to¬ 
ward  smaller  dimensions  and  higher  integration  densities 
calls  for  low-energy  and  high-power  plasma  sources  in  et¬ 
ching  and  deposition  as  well.  A  new  ECR-plasma-source  deve¬ 
loped  by  LEYBOLD  may  fullfill  the  necessary  requirements 
for  future  200  mm  wafer  processing. 

The  LH-ECR-source  has  been  designed  for  installation 
in  single  wafer  etching  systems.  High  flexibility  and  per¬ 
formance  data  are  achieved  by  the  possibility  of  operation  of 
the  source  with  reactive  gases,  separation  between  the 
regimes  where  the  plasma  is  induced  and  where  the  wafer  is 

treated  and  by  the  use  of  process  compatible  materials  in 

the  plasma  chamber  (Fig.  1).  Attention  is  also  paid  in  the 
construction  to  a  compact  source  design  with  a  source  dia¬ 
meter  and  height  of  nearly  500  mm  for  compatibility  with 
semiconductor  production  lines.  Special  emphasis  has  been 
given  to  minimize  particle  generation.  Since  the  source  is 
designed  for  the  etching  of  up  to  200  mm  wafers  it  is  ne¬ 
cessary  to  maintain  a  homogeneous  plasma  over  a  large 

area.  This  has  been  achieved  through  circular  symmetry  in 
the  construction  of  the  source  as  well  as  the  microwave 
transformation  via  a  horn-shaped  radiator.  The  plasma  gene¬ 
ration  is  achieved  by  the  resonant  heating  of  electrons 
with  microwave  radiation  (2.45  GHz)  via  electron  cyclo¬ 
tron  resonance . 

The  magnetic  field  needed  for  this  purpose  (875  G)  is 
created  by  two  rings  of  Co-Sm  permanent  magnets.  The  area, 
where  the  resonance  condition  is  fullfiled  is  located  at 


©  1989 IOP  Publishing  Ltd 


34 


Vacuum  microelectronics  89 


the  edge  of  the  usable  plasma  diameter  for  improvement  of 
plasma  homogeneity.  Also  in  this  region  the  coupled  Eox- 
wave  has  a  maximum  of  field  strength  for  optimum  energy 
transfer  from  the  microwave  to  the  plasma.  Long  term 
operation  of  this  source  shows  high  mechanical  and  ther¬ 
mal  stability. 

The  source  can  be  used  in  several  operational  modes.  In 
the  case  of  "down-stream"  etching  the  radicals  generated  in 
the  plasma  diffuse  to  the  wafer.  The  energy  of  these  par¬ 
ticles  is  probably  less  than  20  eV  (Matsuoka  et  al  1988). 
For  anisotropic  etch  profiles  an  additional  plasma  sheath 
near  the  wafer  surface  is  applied  by  a  RF-generator  (13,56 
MHZ)  connect  to  the  wafer  table.  This  creates  a  DC-bias- 
voltage  which  accelerates  the  ions  towards  the  wafer. 

Further,  one  can  extract  an  ion  beam  from  the  source 
with  the  aid  of  up  to  three 

grids.  The  usage  of  three  grid  extraction  optics  enables 
one  to  get  high  ion  currents  at  relatively  low  ion  energies 
due  to  acceleration  -  deceleration  -  operation  of  the 
grids  and  an  independent  selection  of  ion  beam  current  and 
energy  (Aston  et  al  1979). 

In  comparison  to  conventional  parallel  plate  etchers, 
the  source  based  etching  has  the  advantage  that  the  ion 
energy  can  be  adjusted  either  by  the  additionally  applied 
DC-bias  or  by  the  grid  extraction  voltage,  independent  of 
the  amount  of  the  microwave  power,  which  generates  the  ne¬ 
cessary  ions. 


Process  developments  and  measurements 

Process  development  to  date  has  concentrated  on  et¬ 
ching  of  polysilicon,  PSG  and  SiOa  using  gases  of  different 
chemical  compositions  based  on  fluorine.  Figure  2  shows  a 
SEM-picture  from  isotropic  etching  with  SFs-gas  of 
P-polysilicon  on  SiOa,  masked  with  photoresist.  It  demon¬ 
strates  the  high  selectivity  of  isotropic  etching  to  photo¬ 
resist  and  SiOa  shown  via  a  600  %  overetching.  No  damage 
of  the  surface  of  photoresist  and  SiOa  during  the  etch 
process  is  visible  showing  that  the  energy  of  the  etching 
particles  is  low. 

Useful  etch  rates  up  to  400  nm/min  with  SF6  can  be  ob¬ 
tained  with  a  very  low  gas  flow  of  only  3  seem.  These  de¬ 
scribed  etch  characteristics  which  cannot  be  obtained  by 
conventional  RF-etch  systems  (Lee  at  al  1986)  are  explained 
by  firstly  the  different  fragmentation  mechanism  in  the 
ECR-microwave  plasma  and  secondly  the  high  fragmentation 
capability  of  the  LH-ECR-source.  This  is  even  supported  by 
etch  rates  of  P-polysilicon  of  1  nm/min  with  CF*/Oa  gases. 

In  the  case  of  contact  hole  etching  of  PSG  and  SiOa  with 
CF*/Oa-gaseB  the  combination  of  an  isotropic  and  following 
anisotropic  etch  step  would  be  advantageous  to  reach  the 
required  different  slopes  of  the  contact  hole.  Figure  3 
shows  the  isotropic  etch  step  of  PSG  with  an  aspect  ratio 
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of  nearly  1:1,  which  demonstrates  the  fully  isotropic  beha¬ 
viour  of  this  etch  mode.  Therefore  the  LH-ECR-source  opera¬ 
tes  in  the  "down-stream"  mode,  where  no  ions  are  extracted 
towards  the  wafer.  Applying  additional  RF-power  at  the 
wafer  table  fully  anisotropic  etch  profiles  are  given.  Fi¬ 
gure  4  demonstrates  this  anisotropic  etch  step  on  PSG.  In 
both  cases  of  isotropic  as  well  as  anisotropic  etching  the 
etch  rates  are  40  nm/min.  The  process  pressure  for  isotro¬ 
pic  etching  with  a  relatively  small  number  of  ions  is 
10-1  mbar,  whereas  for  anisotropic  etching  a  lower  pressure 
of  5  •  10-3  mbar  is  accompanied  by  a  higher  ratio  of  ions 
to  neutral  radicals. 

Cone lug Ion 

The  results  achieved  show  that  the  LH-ECR-source  is  a 
powerful  tool,  designed  for  200  mm  single  wafer  processing 
with  superior  attributes  in  comparison  to  conventional 
parallel  plate  etchers.  The  high  performance  data  were 
obtained  by  circularly  symmetrical  construction  of  the 
source  and  the  microwave  coupling  into  the  plasma.  At  the 
same  time  compact  dimensions  allow  the  application  of  the 
source  on  small  footprints  in  a  semiconductor  production 
environment.  The  process  developments  show  in  the  case  of 
polysilicon  isotropic  etch  rates  in  the  range  of 
1  jun/min  with  a  very  high  selectivity  to  underlying  SiOa. 
The  application  potential  using  the  LH-ECR-source  was  de¬ 
monstrated  by  fully  isotropic  as  well  as  anisotropic  etch 
processes  on  PSG  and  SiOa,  suitable  for  contact  hole  pro¬ 
cessing.  Initial  results  show  that  the  LH-ECR-source  may 
be  the  base  for  future  etching-  and  CVD-equipment  for  sub¬ 
micron  technology. 
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Fig.  1  Basic  design  of 

the  LH-SCR-etcher 
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Fig.  2  isotropic  etching  of  P-polysilicon  on  SiOa- 
substrate  with  SF«-gas 


Fig.  3  Isotropic  etching  of  PSG  with  CF«/Oa-gas 


Fig.  4 


Anisotropic  etching  of  PSG  with  CF4/Oa  gas 
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Control  of  silicon  field  emitter  shape  with  isotropically  etched  oxide  masks 


John  B.  Warren 

Brookhaven  National  Laboratory,  Upton,  New  York  11973,  USA 


ABSTRACT:  Precise  control  of  field  emitter  diameter  and  tip  radius  in  silicon  was 
achieved  by  carefully  controlling  the  shape  of  the  oxide  mask  used  to  protect  the 
emitter  column  during  reactive  ion  etching.  By  following  an  anisotropic  reactive  ion 
etching  step  with  an  isotropic  chemical  etch,  oxide  masks  with  a  concave  wall 
curvature  and  a  diameter  of  1  to  2  pm.  can  be  formed.  Controlled  attack  of  the 
concave  oxide  mask  during  reactive  ion  etching  form  a  silicon  emitter  column  with 
tapered  sides  and  a  tip  with  a  sub-micron  radius  of  curvature. 


1.  INTRODUCTION 

Precise  control  of  emitter  tip  shape  is  important  for  any  device  using  the  principle  of  field 
emission.  The  tip  radius  must  be  reduced  to  a  sub-micron  value  to  maximize  field  strength 
and  the  uniformity  of  the  tip  geometry  must  be  maintained  within  well  defined  limits  if 
electron  emission  is  to  be  held  constant  from  emitters  in  a  multi-element  array.  Spindt  (1976), 
for  example,  has  shown  that  changing  the  field  of  an  individual  emitter  by  20%  may  change 
the  electron  emission  by  as  much  as  a  factor  of  ten. 

Most  recent  attempts  to  construct  field  emitters  that  satisfy  these  dimensional  constraints 
are  based  on  the  work  of  Spindt  (1976),  that  uses  electron  beam  evaporation  to  deposit  a 
molybdenum  emitter  cone  through  an  Si02  cavity,  or  Gray  (1987),  that  uses  orientation- 
dependent  chemical  etching  to  form  a  pyramidal  emitter  from  <001>  silicon.  Both  these 
approaches  require  several  process  steps  and  form  emitter  tips  from  specific  materials. 
Reactive  ion  etching  offers  the  possibility  of  fabricating  field  emitters  from  a  wide  range  of 
metals  and  semiconductors  with  geometries  comparable  to  these  methods.  For  arrays  of 
emitters  with  heights  greater  than  10  pm  required  for  experiments  in  photo-enhanced  field 
emission  (Fisher  1988),  this  method  may  be  the  only  possible  choice.  While  this  work 
describes  only  silicon  emitter  fabrication,  the  method  can  be  extended  to  metals  as  well. 


2.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

A  Plasma  Lab  80  reactive  ion  etcher  manufactured  by  Plasma  Technology  Inc.,  Yatton, 
England  was  used  for  emitter  fabrication.  The  reactive  ion  etching  process  uses  a  13.56  MHz 
rf  generator  to  create  a  plasma  in  a  vacuum  of  a  few  mtorr  between  two  parallel  electrodes 
widi  different  diameters.  Silicon  wafers  to  be  etched  are  placed  on  the  smaller,  powered, 
electrode  that  becomes  negatively  charged  with  respect  to  the  reactive  ions  in  the  plasma. 
Both  fluorine  and  chlorine-based  plasmas  have  been  used  extensively  for  etching  silicon,  but 
the  chlorine  processes  generally  offer  more  anisotropy  at  the  expense  of  a  slower  etch  rate 
(Herb  1987). 
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For  these  experiments,  a  chlorine  process  with  a  d2/BCl3  etching  gas  with  a  ratio  of  6:1  was 
used  for  reactive  ion  etching  of  <001  >  5  ohm  cm  silicon  wafers.  The  primary  reaction 
product,  SiQj,  has  a  reasonably  high  vapor  pressure  at  ambient  temperatures  and  is  easily 
removed  by  the  pumping  system.  Si02  is  not  attacked  by  pure  chlorine  plasmas  and  is  used 
as  a  masking  material  to  protect  the  underlying  silicon  substrate.  At  IS  mtorr,  the  process  is 
quite  anisotropic  and  trenches  20  /im  in  depth  with  almost  vertical  walls  can  be  etched  with 
a  SiOz  mask  of  1  pm  in  thickness.  BQ3  is  used  to  remove  small  deposits  of  Si02  present  on 
the  unetched  silicon  surface.  Left  undisturbed,  these  sub-micron  Si02  particles  act  as  micro¬ 
masks  that  protect  the  underlying  silicon  during  the  etching  process  to  form  a  filamentary 
microstructure  that  appears  black  to  the  unaided  eye  and  grass-like  in  the  scanning  electron 
microscope.  Since  the  BC13  attacks  the  more  massive  Si02  masks  as  well,  the  maximum  etch 
depth  is  determined  by  the  relative  rates  of  attack  of  Cl^BClj  of  silicon  versus  that  of  the 
protective  Si02  mask. 

The  different  rates  of  attack  on  the  protective  oxide  layers  and  the  silicon  by  CI2/BCI3  are 
used  to  advantage  in  the  fabrication  of  emitter  arrays.  A  disc-shaped  oxide  mask  of 
appropriate  diameter,  thickness,  and  shape  can  be  used  to  form  a  silicon  emitter  with  a 
relatively  broad  base  that  gradually  tapers  to  a  sharp  tip  of  sub-micron  radius.  Such  a 
structure  maintains  the  high  electric  field  in  the  tip  vicinity  and  is  still  structurally  robust. 


The  effect  of  oxide  mask  geometry  on  the 
emitter  column  shape  is  shown  in  Fig.  1.  An 
anisotropically  etched  oxide  mask  with  nearly 
vertical  walls  is  attacked  at  approximately 
equal  rates  on  its  upper  face  and  its  walls  by 
the  BC13  component  of  the  etching  gas.  For 
anisotropic  conditions  during  the  silicon  etch, 
such  a  mask  will  result  in  a  silicon  column 
with  a  wall  angle  of  constant  slope.  After  the 
oxide  mask  is  finally  destroyed,  the  top  of  the 
silicon  column  is  exposed  but  is  too  broad  to 
form  a  sharp  tip  required  for  field  emission. 
An  attempt  to  reduce  the  tip  radius  by  reduc¬ 
ing  the  emitter  column  diameter  does  not 
produce  the  desired  geometry  because  the 
column  becomes  so  slender  that  it  fractures  in 
midsection  before  the  oxide  has  completely 
disappeared.  In  Fig.  2  the  oxide  mask  is 
isotropically  etched  to  fabricate  a  tapered 
concave  wall  profile.  At  the  beginning  of 
the  silicon  etching  step,  the  sharply  flared 
portion  at  the  bottom  of  the  mask  protects  a 
silicon  column  of  equal  diameter.  This  flared 
portion  of  the  oxide  is  destroyed  relatively  early 
in  the  etching  process,  and  a  greatly  reduced 
silicon  diameter  is  protected  by  the  remaining 
oxide.  As  a  result,  a  silicon  emitter  column  is 
formed  that  has  a  relatively  broad  base  and 
tapers  sharply  to  a  point  with  the  desired  sub- 
micron  radius. 


Figure  1.  Evolution  of  silicon  column  shape 
with  increasing  time,  t.  Oxide  mask  has  walls 
of  constant  slope. 


Figure  2.  Evolution  of  silicon  column  pro¬ 
tected  by  oxide  mask  with  concave  wall 
curvature. 
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Figure  3.  Silicon  emitter  columns  formed  from  a  Sio,  masks  with  concave  sidewalls. 
Figure  3a  shows  the  original  2.0  /an  diameter  Si02  mask;  Fig.  3b,  3c,  and  3d  show  the  silicon 
emitter  columns  that  result  after  etching  with  the  conditions  tabulated  below.  The  Si02  masks 
are  still  in  place  in  Figs.  3b,  3c,  and  3d. 


Process  Parameters 


Material 

Etchant 

Time 

Power 

Pressure 

(min) 

(W/cm2) 

(mtorr) 

Si02 

CHF, 

BHF 

30 

4 

0.82 

15 

Si 

6:1  CyBCD 

80 

0.33 

15 

40 


Vacuum  microelectronics  89 


A  scanning  electron  micrograph  of  an  oxide  mask  with  the  required  profile  and  physical 
dimensions  is  shown  in  Fig.  3a.  For  mask  diameters  of  1  to  2  a  one-step  etch  using 
buffered  hydrofluoric  acid  (BHF)  forms  the  correct  sidewall  profile  only  for  oxides  less  than 
0.S  /un  in  thickness.  Masks  of  this  thickness  can  be  used  to  form  emitter  columns  of  not  more 
than  4  to  5  Mm  in  height  before  the  oxide  is  consumed.  For  oxide  masks  with  a  thickness  of 
1.0  Mm  or  greater,  it  was  necessary  to  use  a  two-step  etching  procedure  for  oxide  patterning. 
First,  a  reactive  ion  etch  step  in  CHF3  at  15  mtorr  is  used  to  remove  0.5  Mm  of  Si02  with  an 
almost  vertical  sidewall  A  second  etch  in  BHF  for  4  min  removes  the  remaining  0.5  Mm  of 
oxide  to  form  the  correct  concave  wall  profile. 

Scanning  electron  micrographs  of  the  silicon  emitter  columns  formed  using  concave  oxide 
masks  are  shown  in  Fig.  3b,  3c,  and  3d.  All  three  emitters  were  etched  for  80  min  but  were 
formed  from  oxide  masks  with  diameters  of  2.0,  1.5,  and  1.0  Mm,  respectively.  The  1.0  Mm 
diameter  mask  has  almost  been  completely  destroyed  after  this  etch  but  the  1.5  and  2.0  /xm 
masks  are  still  intact.  The  height  of  the  tapered  column  is  controlled  by  both  the  mask 
thickness  and  the  diameter  of  the  flared  portion  of  the  mask.  Emitter  columns  much  higher 
than  the  one  shown  in  Fig.  3b  or  3c  could  be  etched  using  the  1.5  or  2.0  Mm  diameter  masks 
by  extending  the  etching  period.  Once  the  oxide  mask  has  been  destroyed,  etching  should  be 
terminated  immediately  to  avoid  attacking  the  sharp  silicon  tip  and  increasing  its  radius  of 
curvature. 

Further  shaping  of  the  emitter  can  be  accomplished  with  the  thermal  oxidation  methods  of 
Marcus  (1982).  Oxidation  of  the  silicon  at  temperatures  from  900  to  1100  °C  is  used  to  form 
a  conformal  SiOz  layer  over  the  emitter  surface.  By  stoichiometry,  it  can  be  seen  that  the 
formation  of  an  SiO,  layer  consumes  a  silicon  layer  only  a  third  the  thickness  of  the  oxide 
coating  so  very  thin  layers  of  silicon  can  be  removed  under  well  controlled  conditions.  Kao 
(1987)  has  shown  that  the  thickness  of  the  oxide  layer  is  a  function  of  the  radius  of  curvature 
of  the  underlying  silicon  surface.  Sharply  curved  regions  such  as  the  emitter  tip  will  tend  to 
grow  a  thinner  oxide  layer  than  the  base  of  the  column  and  lose  less  silicon.  Thus,  a 
controlled  oxidation  step,  followed  by  removal  of  the  oxide  in  BHF,  offers  a  means  of  reducing 
the  column  diameter  while  effecting  only  minimal  changes  in  the  emitter  tip. 
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Back-biased  junction  cold  cathodes:  history  and  state  of  the  art 


G.G.P.  van  Gorkom  and  A.M.E.  Hoeberechts 

Philips  Research  Laboratories 
P.O.  BOX  80000 
5600  JA  Eindhoven 
The  Netherlands 

Abstract:  The  history  of  back-biased  junction  cold  cathodes 

goes  back  to  1957  with  the  invention  by  Burton  of  an  electron 
emitting  p-n  junction  in  silicon.  Thereafter  a  lot  of  research 
was  done  in  this  area  in  the  hope  of  developing  a  useful  cold 
cathode.  In  the  1970's  electron  injection  into  Sio2  layers  was 
investigated  extensively.  This  has  led  to  a  revival  of  the 
reverse  biased  cold  cathodes  but  now  manufactured  using 
modern  Si  technology.  Efficient  emitters  have  been 
demonstrated  capable  of  delivering  current  densities  of  up  to 
about  8000  A/ cm3  into  a  vacuum. 


1 .  INTRODUCTION 

In  the  first  part  of  this  paper  a  review  of  the  history  of  back- 
biased  junction  cold  cathodes  will  be  given.  We  do  not  aim  at 
completeness  but  merely  at  describing  some  of  the  more  impor¬ 
tant  papers  that  have  appeared  in  this  research  area.  Hereafter, 
the  closely  related  phenomenon  of  electron  injection  into  sio, 
layers  will  be  discussed  briefly. 

The  second  part  deals  with  the  present  state  of  the  art, 
including  a  description  of  advantages  and  disadvantages  and  of 
prospects  for  reverse  biased  cold  cathodes. 

2 .  HISTORY 

2.1  The  invention  of  the  back-biased  cold  cathode 

The  first  paper  describing  electron  emission  from  avalanche 
breakdown  in  p-n  junctions  was  by  Burton  (1957) .  He  made  a  p-n 
junction  .in  silicon  that  intersected  the  surface.  At  first  no 
emission  was  detected  while  biasing  the  diode  in  the  reverse 
direction,  but  after  cesiating  the  surface  electron  emission  was 
observed  for  the  first  time.  The  maximum  pulsed  emission  current 
was  50  jiA,  the  emission  efficiency  rj 


^•d  +  ^-v»e 


V 


(1) 
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was  found  to  be  5.10"s  at  maximum. 

Burton  also  observed  white  light  emission  from  the  line  where 
the  junction  intersected  the  surface.  Assuming  that  the  electron 
emission  came  from  the  same  area  as  where  the  light  originated, 
he  estimated  that  the  emission  current  density  was  greater  than 
0.05  A/cm'.  Emission  instabilities  were  observed.  This  was 
thought  to  be  due  to  Cs  drift  over  the  surface. 

2.2  The  early  work  until  1963 

Following  the  discovery  by  Burton,  a  lot  of  work  was  done  to 
look  into  the  characteristics  of  this  new  phenomenon,  see  the 
paper  by  Hodgkinson  (1962)  and  references  cited  there.  Besides 
silicon  also  Sic  (e.g.  Patrick  and  Choyke  1959)  and  germanium 
(e.g.  Simon  and  Spicer  1960,  Pozhela  and  Shilal'nikas  1962)  were 
investigated.  The  interest  was  in  straightforward  electron 
emission  as  well  as  in  field  assisted  photo-emission. 

Host  of  the  work  done  was  on  p-n  junctions  intersecting  the 
surface.  There  are,  however,  several  problems  associated  with 
this  configuration  as  will  be  discussed  later.  The  paper  to  be 
discussed  next  avoids  these  difficulties. 


2.3  The  paper  by  D. J . Bartelink,  J.L.Moll  and  N. I. Meyer 

A  very  important  paper  by  Bartelink  et.al.  (1963)  dealt  with  hot 
electron  transport  in  Si  and  with  electron  emission  from  p-n 
junctions  parallel  to  the  surface.  They  produced  a  shallow  n++ 
layer  by  diffusing  phosphorus  into  0.02  ncm  p-type  silicon  such 
that  the  junction  was  at  a  depth  of  130  nm.  The  thickness  L  of 
this  n++  layer  was  subsequently  reduced  step  by  step  using  the 
boiling  water-HF  method.  Underway  the  electron  emission  was 
repeatedly  measured.  It  was  found  that  the  emitted  current  (at 
constant  diode  current)  depended  exponentially  on  L: 

iy«  =  A  exp(-L/I„)  (2) 

where  A  is  a  constant,  and  Lq  was  found  to  be  1^,  =  4.5  nm.  Also 
energy  distributions  were  measured  both  in  avalanche  breakdown 
and  using  photo  excitation.  In  the  former  case  an  electron 
temperature  of  0.5  eV  was  observed. 

Bartelink  et.al. (1963)  analyzed  their  results  in  terms  of  the 
Boltzmann  transport  equation.  The  result  was: 


lr  =  6.0  nm 
lj  =  19.0  nm 


(3) 


where  lr  is  the  mean  free  path  of  the  hot  electrons  due  to 
phonon  scattering  and  1[  that  due  to  impact  ionization.  This  is 
an  important  result  because  it  showed  that  the  ionization  rate 
descriptions  by  both  Wolff  (1954)  and  Shockley  (1961)  were 
incorrect,  the  truth  being  somewhere  in  the  middle.  Hence  this 
paper  contributed  much  to  the  understanding  of  avalanche  break¬ 
down  in  silicon  and  of  the  phenomenon  of  hot  electron  emission 
from  Si  into  vacuum. 
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2.4  The  period  1963-1970  and  the  work  at  GEC 

Not  much  happened  during  the  second  half  of  the  1960 's  in  the 
area  of  back-biased  cold  cathodes.  Noteworthy  is  a  communication 
by  Meyer  and  Palmgren  Jensen  (1966).  They  produced  the  shallow 
n+  layer  using  ion  implantation.  The  efficiencies  found  were  very 
low,  however. 

Starting  in  1969,  researchers  at  the  Hirst  Research  Centre  of 
GEC  investigated  Sic  reverse  biased  cold  cathodes  (Brander  and 
Todkill,  1969).  In  the  following  years  several  papers  on  this 
subject  were  published  (Bellau  et.al.  1971,  Chamberlain  and  Lamb 
1972,  Widdowson  and  Rose  1973).  In  all  cases  p-n  junctions 
intersecting  the  surface  were  produced  by  ultrasonically  cutting 
through  the  top  n  layer.  Such  mesa  structures  showed  peripheral 
emission. 

As  was  discussed  extensively  by  the  GEC  group,  Sic  cold 
cathodes  of  this  type  need  an  activation  procedure  before 
sufficient  emission  current  can  be  drawn.  This  procedure 
involves  heating  the  emitter  to  600  -  700  C,  by  passing  current 
through  the  diode  either  in  the  forward  or  in  the  reverse 
direction.  The  raise  in  efficiency  to  about  1.10'4  is  accompanied 
by  a  distinct  softening  of  the  I-V  characteristic  of  the  device. 
Widdowson  and  Rose  (1973)  have  developed  the  following 
interpretation  for  this.  The  electrons  are  not  emitted  directly  out 
of  the  SiC  into  the  vacuum  but  instead  into  the  thin  ’natural' 
oxide  layer,  heavily  doped  with  carbon,  on  top  of  it.  In  this 
oxide-layer  the  electrons  are  accelerated  by  the  strong  electric 
field  (due  to  the  voltage  applied  to  the  diode)  and  as  the  oxide 
has  an  electron-affinity  of  only  0.9  eV,  rather  efficient  electron 
emission  into  the  vacuum  occurs.  The  heating  during  the  ac¬ 
tivation  is  believed  to  produce  structural  changes  in  the  oxide  so 
that  the  carbon  impurities  become  active  as  donors,  leading  to  an 
increased  conductivity  of  the  oxide  layer.  However,  we  have  ob¬ 
served  activation  in  pure  Si  junctions  intersecting  the  surface 
too,  see  sect. 4. 3.  Hence  in  our  opinion  the  role  of  C  in  this 
process  is  questionable.  The  whole  activation  process  is  similar 
to  the  forming  process  of  MIM  devices  (see  e.g. Yankelevitch 
1979)  where  increased  conductivity  is  also  enforced  by  heating, 
with  no  carbon  being  present.  It  seems  likely  that  the  activation 
procedure  of  the  cold  cathodes  is  identical  to  the,  not  yet  fully 
understood,  MIM  forming  process. 

The  SiC  cathodes  have  been  used  in  experimental  CRTs  and 
mass-spectrometers  (Bellau  et.al.  1971),  but  as  far  as  we  know 
no  such  devices  have  become  commercially  available. 

3.  INJECTION  OF  HOT  ELECTRONS  INTO  SiO, 

Since  the  early  1970's  (Nicollian  et.al.  1971)  an  enormous  amount 
of  work  has  been  done  all  over  the  world  on  the  subject  of  hot 
electron  injection  into  Si02  layers.  Apart  from  being  an 
interesting  phenomenon  there  are  two  main  reasons  for  this: 

1)  injection  of  charge  carriers  (both  electrons  and  holes)  into 
SiOj  is  detrimental  for  normal  device  operation,  e.g.  causes 
threshold  voltage  shifts  in  MOSFET  transistors,  hence  it 
constitutes  a  reliability  problem 
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2)  it  can  be  used  for  non-volatile  memories,  such  as  EPROM 
(FAMOS)  devices,  where  a  floating  gate  is  charged  by  the  in¬ 
jected  current. 

Upon  scaling  down  transistors  to  sub-micron  sizes,  the  reliability 
problem  becomes  ever  greater.  Hence,  even  at  present  many 
investigations  are  going  on  to  study  this  phenomenon. 

It  is  clearly  outside  the  scope  of  this  paper  to  present  a  review 
of  this  vast  area  of  research.  Let  us  confine  ourselves  to 
discussing  a  few  papers  which  are  relevant  to  the  cold  cathode 
application. 

3.1  Injection  into  Si02  with  high  current  densities 

The  paper  of  Verwey  and  de  Maagt  (1974)  describes  a  p-n 
junction  intersecting  the  Si  -  Si02  interface.  An  oxide  layer  and 
a  gate  are  present  above  this  interface.  By  applying  a  positive 
voltage  to  the  gate  the  depletion  layer  is  narrowed  at  the 
interface,  hence  avalanche  breakdown  occurs  first  at  that 
position.  Electrons  and  holes  are  created  in  the  avalanche 
breakdown  and  gain  energy  from  the  electric  field.  Some  of  the 
electrons  become  hot  enough  to  be  injected  into  the  Si02  layer. 
Most  of  these  travel  in  the  conduction  band  of  Si02  towards  the 
gate  and  are  measured  as  a  gate  current.  The  remaining  ones  are 
trapped  in  the  oxide,  resulting  in  threshold  voltage  shifts. 

An  important  result  of  this  paper  was  the  fact  that  the  injected 
current  density  was  considerable:  up  to  about  10  A/ cm8  was 
measured . 


3.2  The  work  at  IBM  by  Ning,  Osbum  and  Yu 

Not  surprisingly,  a  lot  of  work  in  this  area  has  been  done  at 
the  IBM  Thomas  J.  Watson  Research  Centre.  An  important  paper 
by  Ning  et.al.  (1977)  describes  a  quantitative  determination  of 
electron  injection  probabilities  from  Si  into  Sio2.  The  devices 
used  were  n-channel  field  effect  transistors  with  a  special 
reentran  ^ -ometry  such  that  absolute  emission  efficiencies  were 
measured  -'n-hole  pairs  were  generated  in  the  substrate  by 

incident  using  a  suitable  lightsource.  The  electrons 

gained  enerv  ’  electric  field  in  the  depletion  layer  such 

that  some  of  .  ’njected  into  tne  Si02  and  collected  by 

the  gate. 

It  was  found  that  the 
described  by 


.Aperimental  results  could  be  very  well 


A  exp (-d/1 J 


(4) 


where  p  is  the  probability  of  injection,  which  is  identical  to  the 
efficiency  as  defined  in  eq.  (1) ,  A  =  2.9  is  a  constant  and  1„  is  a 
fitting  parameter  found  to  be  1,  «  9.1  m  at  room  temperature. 
The  lucky  electron  model  (Verwey  et.al.  1975)  leads  to  eq.(4) 
with  1,  then  being  the  effective  mean  free  path.  Although  1,  is 
only  indirectly  connected  to  the  true  mean  free  paths,  hence  has 
no  real  physical  significance,  eq.  (4)  is  very  useful  for  modeling. 
With  proper  adjustments,  it  can  also  be  used  in  the  case  of 
electron  emission  into  vacuum  (van  Gorkom  and  Hoeberechts, 
1986b) . 
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4.  THE  REVIVAL  OP  THE  AVALANCHE  COLD  CATHODE 

4.1  Introduction 

The  'success'  of  the  injection  of  hot  electrons  into  Si02  led  to  a 
reinvestigation  of  the  possibilities  and  properties  of  back-biased 
p-n  junction  cold  cathodes  (p-n  emitters  for  short)  at  the  Philips 
Research  Laboratories  by  the  authors  and  by  others.  The  idea  was 
that  using  modern  technology  the  performance  of  reverse  biased 
cold  cathodes  could  be  improved  such  that  practical  application 
would  become  possible. 

One  of  the  advantages  of  the  better  technology  is  that 
microplasma  free  avalanche  breakdown  is  rather  easily  obtained. 
Almost  all  earlier  p-n  junction  cold  cathodes  suffered  from  poor 
reproducibility  due  to  the  occurrence  of  micro-plasmas,  which  are 
rather  unpredictable  and  noisy  by  nature.  Indeed,  all  our  diodes 
proved  to  be  free  of  microplasmas  as  was  checked  by  verifying 
that  homogeneous  white  light  was  emitted  during  breakdown. 

Another  important  improvement  is  the  following.  In  the  early 
days  a  very  thin  n+  top  layer  could  not  be  made  easily.  Hence 
mostly  p-n  junctions  intersecting  the  surface  were  used, 
produced  e.g.  by  ultrasonically  cutting  through  the  n+  layer. 
There  are,  however,  several  problems  associated  with  this 
structure : 

1)  one  has  to  assure  somehow  that  the  breakdown  occurs  (mainly) 
at  the  surface 

2)  the  average  emitted  current  density  is  low 

3)  there  is  a  strong  electric  field  parallel  to  the  surface,  leading 
to  drift  of  adsorbates  like  cesium  in  this  field  and  hence  to 
emission  instabilities  (Burton  1957,  van  Gorkom  et.al.  1986c) 

4)  the  potential  varies  from  the  p  to  the  n  area,  thus  some 

broadening  of  the  emitted  energy  distribution  will  result, 

which  has  indeed  been  observed  (van  Gorkom  and  Hoeberechts 
1980) 

5)  the  quantitative  interpretation  of  the  results  of  the 

measurements  in  terms  of  hot  electron  transport  in  the 
semiconductor  is  extremely  difficult,  if  not  impossible 

6)  the  mesa  shape  of  the  cathode  is  unfortunate  from  an 

electron-optical  point  of  view,  i.e.  it  is  difficult  to  form  a 
good  quality  electron  beam  starting  from  such  a  cathode. 

Using  low  energy  ion  implantation  it  is  now  straightforward  to 
produce  thin  n+  layers  and  hence  very  shallow  p-n  junctions 
parallel  to  the  surface.  As  these  can  be  made  micron-sized,  large 
emission  current  densities  are  possible  as  will  be  discussed  later 
on.  Most  of  our  experiments  were  done  using  emitters  with  the 
junction  parallel  to  the  surface. 

During  the  last  10  years  or  so  we  have  published  several  papers 
on  the  subject  (van  Gorkom  and  Hoeberechts  1980,  1984,  1986a, 
1986b,  1987a,  1987b,  1988;  Hoeberechts  and  van  Gorkov.  1986).  In 
the  following  we  will  give  a  brief  review  of  this  work. 

4.2  Device  geometry 

A  schematic  drawing  of  our  p-n  emitters  is  given  in  Figure  l. 
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The  substrate  is  heavily  doped  p  type.  On  top  of  that  we  have  a 
lightly  doped  p  type  epitaxial  layer  in  which  the  active  area  is 
defined  by  implanting  boron  using  a  suitable  masking  technique. 
This  produces  a  p+  area  where  avalanche  breakdown  occurs  first. 
The  very  thin  n+  channel  is  made  by  implanting  5  or  10  kV 
arsenic  ions  followed  by  a  low  temperature  anneal.  On  top  of  the 
diode  an  oxide  layer  is  present  covered  by  a  conducting  layer 
(gate),  with  a  hole  above  the  active  area. 


Figure  1.  Geometry  of  the  reverse  biased  cold  cathode. 


One  of  the  big  advantages  of  silicon  cold  cathodes  is  the  fact 
that  the  shape  of  the  active  electron  emitting  area  can  be 
chosen  more  or  less  at  will.  We  already  made  several  shapes: 
circular  emitters  with  diameters  between  1  and  8  /im,  line 
emitters  with  lengths  of  200  /nm  and  annular  emitters  with 
diameters  ranging  from  30  to  600  /urn.  In  the  latter  two  cases,  the 
width  of  the  active  area  was  about  3  im. 

Also  the  shape  of  the  gate  electrode  can  be  chosen  to  suit 
particular  wishes.  For  instance,  we  made  circular  segmented 
gates,  which  served  as  integrated  beam  shapers.  Interestingly, 
integrated  electron  lenses  are  possible  too. 

Finally,  multi-emitter  cathodes  have  been  produced  with  up  to 
100  emitters  on  a  single  chip,  the  pitch  being  10  ^m. 

4.3  Emission  efficiency  and  electron  temperature 

These  two  properties  are  not  dependent  upon  the  (lateral) 
geometry  of  the  diodes  but  they  do  depend  on  the  doping 
concentrations  and  doping  profiles.  Furthermore  the  efficiency 
depends  strongly  on  the  work  function  of  the  surface. 

Qualitatively,  this  dependence  is  easily  understood.  Doping  levels 
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and  profiles  determine  the  electric  field  within  the  depletion 
layer  and  hence  the  rate  at  which  the  electrons  are  created  and 
pick  up  energy  from  this  field.  The  combined  effect  of  this 
energy  gain  and  of  energy  losses  due  to  e.g.  phonon  creation 
together  with  momentum  scattering  determine  an  energy  and  an 
angular  distribution  of  the  hot  electrons.  The  part  of  the 
distribution  that  is  emitted  into  the  vacuum  has  been  measured. 
The  angular  distribution  was  found  to  be  nearly  a  cosine 
distribution.  Energy  distributions  were  measured  using  a  spherical 
retarding  field  analyzer  (van  Gorkom  and  Hoeberechts  1980) .  For 
bare  Si  emitters  a  near  Maxwellian  distribution  was  found, 
enabling  the  determination  of  an  electron  temperature.  This 
temperature  was  dependent  upon  the  maximum  electric  field  wit¬ 
hin  the  diode,  as  expected,  see  Figure  2. 


Figure  2.  Electron  temperature  as  a  function  of  the  electric 
field  in  the  depletion  layer.  See  the  paper  by  van  Gorkom  and 
Hoeberechts  (1986b)  for  more  details. 


Upon  lowering  the  work  function  by  adsorption  of  cesium  onto 
the  surface,  the  energy  distributions  change.  The  overall  shape  is 
still  not  far  from  a  Maxwell  distribution  (with  an  effective 
electron  temperature  of  0.49  eV)  but  with  structure  present,  see 
Figure  3.  This  structure  is  ascribed  to  the  presence  of  peaks  in 
the  density  of  states  of  Si. 

It  has  been  shown  (v. Gorkom  and  Hoeberechts,  1986b)  that  for  a 
Maxwellian  distribution  it  is  to  be  expected  that  the  efficiency 
will  depend  on  the  work  function  <p  as: 

V  =  C  exp(-*/kT.)  (5) 

where  C  is  a  constant  (still  depending  on  doping  profiles  and 
the  exact  state  of  the  surface).  Indeed,  experimentally  the 
following  relationship  was  measured: 
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i)  -  0.6  exp(-£/0.41)  (6) 

in  accordance  with  expectations.  The  pre-exponential  factor  was 
found  to  be  very  dependent  on  the  presence  of  contaminants  on 
the  surface.  For  clean  surfaces,  i.e.  no  elements  other  than 
cesium  present,  this  factor  can  be  up  to  10  times  higher  (van  der 
Heide  1989) .  Hence  surface  cleaning  is  very  important.  The 
efficiency  of  a  clean  surface  on  which  a  monolayer  of  pure  Cs  is 
adsorbed  is  as  high  as  8.10'1. 


Figure  3.  Energy  distribution  of  a  cesiated  p-n  emitter. 


We  would  like  to  end  this  subsection  with  a  remark  concerning 
activation  procedures.  As  was  mentioned  in  sect. 2. 4.  mesa  type 
Sic  cold  cathodes  need  a  certain  activation  procedure.  In  the 
beginning  of  our  investigations,  we  also  made  mesa  structures  in 
Si  with  the  junction  intersecting  the  surface.  For  such  emitters 
an  activation  procedure  similar  to  the  one  used  for  Sic  (Bellau 
et.al.  1971)  could  be  applied, which  resulted  -as  in  the  case  of 
Sic-  in  a  large  increase  in  emission  efficiency  for  bare  Si 
cathodes:  up  to  about  5.10'*  was  obtained.  As  for  Sic,  this  was 
accompanied  by  a  softening  of  the  I-V  characteristic  of  the 
device.  Emitters  with  the  junction  parallel  to  the  surface  showed 
no  response  to  this  activation  procedure. 

4.4  Current  density 

The  emitted  current  density  jYM  follows  from 

j«e  “  V  jdd  (7) 

where  jM  is  the  current  density  in  the  avalanche  breakdown, 
normal  to  the  surface.  Given  a  certain  value  of  T]  ,  jrM  can  be 
increased  by  increasing  jdd.  But  of  course  there  are  limits  to 
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this,  as  was  discussed  before  (van  Gorkom  and  Hoeberechts 
1986a) .  An  important  limit  is  posed  by  the  occurrence  of  current 
crowding,  because  the  non-emitted  electrons  have  to  be  carried 
away  in  the  very  thin  n+  channel.  Hence  the  smaller  the  emitter 
the  higher  the  obtainable  current  density. 

In  practice  it  has  been  found  that  we  can  obtain  for  1  /xm 
diameter  emitters  a  jVK  -  1000  A/cm*  for  each  percent 

efficiency.  Up  to  8000  A/cm1  has  been  obtained.  This  is  a 
favorable  value  compared  with  e.g.  LaB6  cathodes  which  can 
deliver  up  to  jvme  -  50  A/ cm1. 

4.5.  Switchability 

As  the  size  of  the  active  area  is  usually  small  (a  few  microns) 
the  junction  capacitance  is  very  small  indeed,  and  as  the  series 
resistance  of  such  diodes  is  of  the  order  of  500  (1  an  intrinsic  RC 
time  of  a  few  picoseconds  is  calculated.  In  the  case  of  larger 
diodes,  e.g.  ring  shaped,  the  capacitance  is  of  course  larger,  but 
the  series  resistance  is  lower.  Thus  also  in  the  latter  case  very 
short  RC  times  result.  However,  parasitic  capacitances  limit  the 
fastest  switching  times  to  several  nanoseconds  at  present.  He 
expect  that  this  can  be  reduced  considerably. 

Another  important  feature  is  the  fact  that  for  the  very  small 
emitters  only  a  few  Volts  are  needed  to  switch  the  emitters 
on/off,  and  for  the  large  ones  less  than  1  Volt.  These  two 
features,  very  small  RC  times  and  low  modulation  voltage,  mean 
that  very  fast  devices  are  possible. 

4.6.  Lifetime 

Because  of  the  needed  cesium  monolayer  coverage,  emission 
stability  is  not  easily  obtained.  During  the  course  of  our 
investigations  we  have  found  3  major  threats  to  the  emission 
stability: 

1)  oxidizing  gases:  the  pressure  of  02,  H}0  and  C02  close  to  the 
emitter  has  to  be  smaller  than  about  1.10‘u  Torr,  which  is  a 
heavy  but  not  unattainable  demand 

2)  ion  bombardment:  an  ion  trap  is  necessary 

3)  Cs  desorption  by  out-going  electrons:  the  surface  has  to  be 
free  of  oxygen,  hence  thorough  cleaning  (van  der  Heide  et.al. 
1989b)  is  a  must. 

If  the  proper  precautions  are  taken  then  very  stable  emission  is 
possible.  In  sealed-off  tubes  over  20000  hours  has  been  obtained. 
In  UHV  systems  the  lifetime  is  less  usually  due  to  the  higher 
pressure  of  C02. 

4.7.  Applications 

He  have  put  our  p-n  emitters  in  a  number  of  experimental 
devices,  including  oscilloscopes,  TV  picture  tubes  (van  Gorkom 
and  Hoeberechts  1987a)  and  electron  microscopes.  Although 
satisfactory  operation  was  obtained  in  a  number  of  cases, it  has 
not  yet  been  decided  whether  such  devices  will  become 
commercially  available. 
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4.8  Prospects 

Having  obtained  efficiencies  of  up  to  about  8  %,  we  believe  that 
we  are  close  to  the  maximum  possible  with  p-n  emitters  made  of 
silicon.  Still  sticking  to  Si,  better  efficiencies  and  thus  higher 
current  densities  can  perhaps  be  obtained  using  p-i-n  structures. 
Such  investigations  are  underway  and  will  be  reported  on  at  this 
conference  (van  der  Heide  et.al.  1989c). 

Another  possibility  for  improving  the  cathode  is  by  using  other 
semiconductors.  As  far  as  we  know  only  GaAs  is  being  tried  (van 
Zutphen  1988,  Miyawaki  1987).  Results  are  awaited. 

4.9  Theoretical  situation 

In  addition  to  having  possibilities  of  practical  application, 
reverse  biased  junction  cold  cathodes  are  important  for  the 
understanding  of  avalanche  breakdown  and  of  hot  electron 
transport  in  semiconductors,  especially  silicon.  This  holds  true 
for  both  the  experiments  and  the  theory.  Let  us  look  at  the 
theoretical  situation  and  compare  with  the  experimental  results. 

There  are  two  main  relevant  theories.  The  first  one  to  be 
discussed  briefly  is  the  theory  of  Bartelink  et.al.  (1963) , which  is 
based  on  the  Boltzmann  transport  equation.  This  equation  is 
solved  under  several  assumptions  in  order  to  simplify  the  problem 
such  that  analytical  solutions  become  possible.  Some  of  these  are: 

-  constant  electric  field  in  the  depletion  layer 

-  electron  mean  free  paths  independent  of  energy 

-  free  electron  gas  approximation,  i.e.  no  band  structure  taken 
into  account 

The  result  of  the  calculation  is  that  the  energy  distribution  has 
the  Maxwellian  shape  with  an  electron  temperature  dependent  a.o. 
on  the  electric  field.  This  dependence  is  shown  in  Figure  2,  the 
full  curve.  It  can  be  concluded  that  this  theory  describes  the 
experiments  rather  well:  the  measured  energy  distributions  of 
bare  emitters  have  approximately  the  Maxwellian  shape  and  the 
calculated  electron  temperatures  do  not  differ  much  from  the 
measured  ones. 

Despite  this  success  there  is  a  need  for  a  better  theory  with 
less,  preferably  no,  a  priory  assumptions  at  all.  Such  a  theory, 
or  rather  calculation  method,  was  developed  a  number  of  years 
ago:  the  quantum  Monte  Carlo  method,  see  e.g.  Shichijo  and 
Hess  (1981),  Tang  and  Hess  (1983),  Fischetti  et.al.  (1985).  In  this 
theory,  the  electrons  are  followed  on  their  way  to  the  surface, 
their  paths  being  determined  by  the  electric  field  and  by 
scattering  events. 

The  procedure  is  roughly  as  follows.  Electrons  are  started  with 
energy  and  k  vectors  at  the  bottom  of  the  conduction  band.  Due 
to  the  action  of  the  electric  field  F  the  k  vectors  change 
according  to 


where  IT  is  Planck's  constant  divided  by  2  r  and  e  is  the 
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elementary  charge.  After  some  time,  depending  on  the  scattering 
rate, the  electron  is  scattered  by  e.g.  a  phonon  resulting  in  a 
change  in  k  and  possibly  in  a  (small)  change  in  the  energy  E. 
The  velocity  follows  from: 


1  dE 

v  *  -  -  (9) 

•R  dk 

The  electrons  are  followed  in  k  space  and  by  integrating  the 
velocity  also  in  the  real  space.  Incorporation  of  electron-hole 
pair  creation  gives  some  problems.  Nevertheless,  considerable 
success  was  scored  in  describing  avalanche  breakdown  in  silicon 
and  in  GaAs  (Shichijo  and  Hess  1981,  Tang  and  Hess,  1983) . 

The  Monte  Carlo  method  can  also  be  applied  to  back-biased  cold 
cathodes.  This  involves  an  additional  step  in  the  calculation 
scheme.  At  the  end  of  the  'normal*  MC  calculation  the  E,k  values 
of  all  electrons  at  the  surface  are  known.  Emission  into  the 
vacuum  occurs  if  E  >  <p  and  if  (see  e.g.  van  Gorkom  and 
Hoeberechts,  1986b): 

■n  |kj  <  [2m  (E  -  *)]*  (10) 

where  k*  is  the  transverse  part  of  k;  umklapp  processes  are 
neglected.  The  electron  is  emitted  with  kinetic  energy  (E  -  <p)  at 
an  angle  a  with  the  normal  to  the  surface,  given  by  (assuming 
lattice  periodicity  up  to  the  very  surface) : 

*  l*tl 

sin  a  =  -  (11) 

[2m  (E  -  0)]* 

Hence,  both  the  energy  distribution  and  the  angular  distribution 
of  the  emitted  electrons  follow. 

Higman  et.al.  (1989)  performed  MC  calculations  on  back-biased 
cold  cathodes  of  both  Si  and  GaAs.  Results  are  encouraging. 

5.  CONCLUSIONS 

Reverse  biased  junction  cold  cathodes  have  been  known  for 
about  30  years.  Early  attempts  to  produce  good  quality  cold 
cathodes  failed,  apparently  because  of  problems  with  material 
purity  and  unfortunate  geometry.  Researchers  at  GEC  came  a 
long  way  using  Sic  but  also  in  this  case  no  product  appeared  on 
the  market.  After  it  was  shown  that  hot  electron  injection  into 
SiO,  was  possible  with  high  current  densities,  the  authors 
started  a  reinvestigation  of  the  feasibility  of  cold  cathodes 
based  on  silicon.  Using  modern  technology,  a  great  improvement 
in  performance  was  possible  such  that  efficient  cathodes  capable 
of  delivering  large  current  densities  were  developed.  Because  of 
the  necessity  of  having  a  monolayer  of  cesium  on  the  surface, it 
is  difficult  but  not  impossible  to  get  good  lifetimes.  This 
difficulty  has  hampered  practical  application  until  now.  Further 
developments  in  this  field  will  be  p-i-n  structures  and  other 
materials  like  GaAs  and  AlGaAs. 
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Photoemission  from  back-biased  Schottky  diodes  p-InP-Ag 
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Moscow,  103807 


ABSTRACT:  The  model  of  hot  electron  photoemission  from  back-biased 
Schottky  diodes  p-type  semiconductor-metal,  based  on  the  ballistic 
transport  of  photoelectrons  in  the  high  electric  field  is 
described.  The  model  was  confirmed  by  experiments  on  the  p-InP-Ag 
Schottky  diodes.  The  mean  free  path  of  hot  electron  in  T  valley  of  InP 
conduction  band  was  determined.  It  was  shown,  that  in  the  electron 
energy  range  0.9-1. 9  eV  mean  free  path  does  not  depend  on  the  energy 
and  is  equal  to  130±25  A. 


1.  INTRODUCTION 

Near  the  surface  of  back-biased  Schottky  diodes  p-type 
semiconductor-metal  there  is  the  region  of  high  electric  field,  which 
acelerates  the  electrons  to  the  surface.  If  the  metal  film  is  thin 
enoughjthe  part  of  electrons,  accelerated  in  high  electric  field,  can  go 
out  into  the  vacuum.  At  the  room  temperature  in  the  conduction  band  of 
p-type  semiconductors  with  large  band  gap  (GaAs,  InP  etc.)  there  are 
practically  no  electrons.  Hence,  to  attain  the  emission  current  from 
diodes,  made  from  such  semiconductors,  the  electrons  must  be  generated  by 
light  with  the  photon  energy,  corresponding  to  the  region  of  fundamental 
optical  adsorbtion.  Thus,  the  photoemission  of  hot  electrons  is  observed. 
The  possibility  of  changing  the  emission  current  either  by  light  or  by 
external  bias  makes  such  emitters  perspective  for  using  in  vacuum 
microelectronics.  This  report  contains  the  results  of  theoretical  and 
experimental  investigations  of  hot  electrons  photoemission  from  Schottky 
diodes  p-InP-Ag. 

2.  THEORY 

The  value  of  emission  current  from  back-biased  Schottky  diodes  is 
determined  by  the  distribution  function  of  hot  electrons  in  semiconductor 
in  the  high  electric  field  at  the  electron  energy,  exceeding  the  value  of 
electron  affinity  *.  As  was  shown  by  Dmitriev  et  al  (1983)  for  A  B 
semiconductors  at  not  very  high  electric  field,  satisfying  the  condition 

e*E*lr  <  3h»*  Jlr  /  1L  y  (1) 

the  asymptotic  of  energy  distribution  function  of  electrons  in  f  valley 
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fr(£  , 6 )  at  £iA  is  given  by 

fr(E,e  )=*(£  ,e)*expf-f - — - —  }  (2) 

l  JA  e-E-lr(E')  J 

n  l 

where  $(£  ,& )  doesn't  greatly  depend  on  the  energy.  Here  1  ,  1  -the  mean 
free  paths  of  hot  electrons  in  r  and  L  valley  of  conduction  band, 
accordingly,  h«-the  intervalley  phonon  energy.  A-  intervalley  separation. 
It  is  necessary  to  note,  that  the  distribution  function  f(£  ,©) 
corresponds  to  ballistic  transport  of  electrons  in  high  electric  field. 
In  this  case  almost  all  electrons  with  high  energy  are  in  the  r  valley  in 
the  region  of  small  angle  along  the  direction  of  electric  field.  The  mean 
energy  of  electrons  is  equal  to  A  (Maloney  et  al.,  1980).  In  such  a  case, 
neglecting  the  dependence  of  $(£  ,S)  on  the  angle,  we  can  write  the 
following  expression  for  the  emission  current  density  from  back-biased 
Schottky  diodes 


j  =  eMW/hy) 


a 

*T°*Te{ 


N(£  '  )•  v(£  '  )*  f*  (E  '  )d£  '  (3) 


where  e-the  electron  charge,  W-the  density  of  radiation  flux,  T°,Te- 
optical  and  electronic  transparency  of  metal  film,  accordingly,  N(£ )-the 
density  of  states  in  the  conduction  band,  v-  the  normal  to  surface 
component  of  photoelectron  velocity.  The  electric  field  in  the  Eq.3  is 
the  mean  electric  field  in  the  region  of  semiconductor  near  the  surface 
with  thickness  d.  In  this  region  the  electrons  accelerate  from  energy  A 
to  the  energy  E  £* 


1  r 

e“  =  —  r 

d  J. 


E(x)dx 


d  =  D*  £l  -  J  1  -  (*  -  A )/( V  +  V®)} 


and  V°-  diffusion  potential,  D-  band  bending  region. 
Inserting  Eq.2  into  (3),  we  obtain 


j  =  e*(w/hK)*T°*T®  N(£  )*v(£  )• 


$>(E  )*expi  — f  ~  “  }d£  (6) 

L  J.  e‘E“  •  l" (£  ' )J 


When  mean  free  path  of  hot  electron  lr(£  )•>•  Const,  or  when  lr(e  )  diminishes 
with  the  increase  of  electron  energy,  in  the  energy  region  £  >  x  the 
exp()  In  Eq.6  has  the  sharp  maximum  at  the  energy  £  =  *.  Therefore,  the 
integral  in  Eq.6  may  be  approxlmatly  calculated  by  Laplace  method.  Using 
this  method,  we  obtain  the  following  expression  for  j 
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where 


j°  =  e2*(w/hy)*T°*Te‘N(>r)*v(z)*4>(^)*lr(z)  (8) 


r  xi 

(  i 

X  j.  - 

f 

lir  J 

av  *  -  A  J 

It  is  necessary  to  note,  that  Eq.7  is  correct  when  the  bottom  of 
conduction  band  in  the  volume  of  semiconductor  is  higher,  then  the  vacuum 
level, mthat  is  if  e(V  +  V  )>*.  From  Eq.7  the  conclusion  can  be  made,  that 
ln(  j/E  )  1/Em.  From  analysis  of  these  characteristics  we  may  determine 

the  average  value  of  mean  free  path  of  hot  electron  in  semiconductors 
( l/lr )  at  electron  energy  £  =  x 

3.  EXPERIMENT 

The  investigations  of  hot  electron  photoemission  from  Schottky  diod|g 
were  carried  out  in  ultrahigh  vacuum  chamber  with  ultimate  pressure  1(J 
torr  at  room  temperature.  Schottky  diodes  were  made  by  the  evaporation  of 
semitransparent  Ag  films  with  thickness  50-100  k  on  the  surfaces  of 
crystals  or  epit^axial  layers  p-InP  (100)  which  were  heat  cle|ged  _Jn 
ultrahigh  vacuum.  The  hole  concentration  was  equal  to  about  10  cm  . 
The  work  function  of  Ag  films  was  reduced  by  adsorption  of  cesium  and 
oxygen  and  was  in  the  range  of 
1. 2-3.0  eV. 

The  photoemission  quantum  yield 
curves  are  shown  in  Figure  1.  These 
characteristics  were  measured  at 
the  work  function  of  Ag  film  about  ^ 

1.3  eV.  For  zero  bias  (curve  1)  ^ 
only  photoemission  from  Ag  film  v 
with  lowered  work  function  was  s 
observed.  At  5  V  (curve  2)  the  hot  V 
electrons  photoemission  from  InP  Jj 
was  arised  (Bell  et  al.  1974,  | 

Maloney  et  al.  1980).  The  threshold  4 
of  such  photoemission  is  equal  to 
0.95  pm  and  corresponds  to  band  gap 
of  InP.  At  the  Figure  2  the  bias 
dependences  of  photoemission 
current  from  p-InP-Ag  diodes  are 
shown.  These  characteristics  were 
measured  under  illumination  at  the 
0.9  Mm  wavelength  at  the  different 
work  functions  of  Ag  fi>  '.  As  it  is  Fig.  1.  The  photoemission  quantum 
seen  from  Figure  2  the  increase  of  yield  from  Schottky  diodes 

bias  causes  the  sharp  growth  of  p-In-Ag 
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Vcflefe(V) 

Fig. 2.  The  bias  dependences  of  Fig. 3.  The  photoemission  current 

photoemission  current  from  from  p-InP-Ag  diodes,  as  a  function 

p-InP-Ag  diodes.  of  inverse  electric  field. 

emission  current.  The  photoemission  was  observed  both  at  low  and  at  high 
work  functions  up  to  3  eV.To  compare  the  experimental  results  with 
theory^  we  rebuilt  the  characteristics  I(V)  in  coordinates 
lg(I/E  )  =  f(l/Km).  These  characteristics  are  shown  at  Figure  3.  One  can 
see  that  all  characteristics  are  linear  in  chosen  coordinates,  i.e.  they 
correspond  to  Eq.7.  This  fact  proves  our  model  of  hot  electrons 
photoemission,  based  on  the  ballistic  transport  of  electrons  ih  high 
electric  field  mregion.  Using  Eq.7  for  analysis  of  characteristics 
lg(I/Em)  =  f(l/Em),  measured  at  the  different  work  functions,  and 
adopting  that  A  =  0.53  eV  (Maloney  et  al.,  I960)  we  determined  the 
average  values  of  mean  free  path  1  =  l/(l/l)av  for  hot  electrons  with 
energy  £  =  X.  It  follows  from  this  analysis,  that  in  the  energy  range 
£  =0.9-1. 9  eV  mean  free  path  of  electron  does  not  depend  on  the  energy 
and  is  equal  to  130±25  A.  It  must  be  mentioned,  that  when  calculating  the 
distribution  function  f (£ )  Dmitriev  et  al(1983)  supposed,  that  the  main 
mechanism  of  the  energy  loss  is  the  intervalley  scattering.  Therefore,  we 
can  make  the  conclusion  that  the  value  of  mean  free  path  is  determined  by 
the  intervalley  scattering. 
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Stimulated  cold-cathode  emission  from  metal  electrodes  coated  with 
Langmuir-Blodgett  multilayers 

S.  Bajic,  N.A.  Cade*>  A.D.  Archer  and  R.V.  Latham 
Dept,  of  Electronic  Engineering  and  Applied  Physics 
Aston  University,  Birmingham,  B4  7ET,  UK. 

Abstract  An  investigation  has  been  undertaken  into  the  field-induced  electron  emission  from 
various  planar  metallic  electrodes  coated  with  Langmuir-Blodgett  (LB)  multilayers  in  the 
thickness  range  90-750A.  Optical  imaging  and  electron  spectroscopy  techniques  have  been 
used  to  study  the  populations  of  emission  sites  and  their  spectral  characteristics  for  applied 
fields  of  SOMVm"1. 

1.  Introduction 

It  is  well  established  (Bayliss  and  Latham  1986)  that,  under  UHV  conditions,  planar  metallic 
electrodes  promote  a  microscopically-localised  cold-cathode  electron  emission  process  from 
typically  1  to  5  sites  cm'2  at  field  levels  of  15-20MVm‘L  It  is  also  known  that  these  emission 
sites  are  associated  with  the  presence  of  isolated  micron-sized  particulate  structures  that  are 
either  loosely  adhering  to,  or  partially  embedded  in  an  electrode  surface.  More  recently,  it  has 
been  demonstrated  that  if  such  an  electrode  is  coated  with  a  Langmuir-Blodgett  dielectric 
multilayer  film  (Cade  et  al  1988,  Bajic  1989),  an  apparently  similar  emission  process  is 
stimulated  to  occur  in  the  significantly  lower  field  range  of  10-lSMVnr1:  furthermore,  the 
number  of  sites  cm'2  is  greatly  increased  with  this  type  of  cathode. 

The  present  paper  reports  on  two  further  studies  of  this  latter  emission  phenomenon.  Firstly, 
an  optical  imaging  technique  has  been  used  to  determine  the  current-voltage  (I-V)  and  site 
distribution  characteristics  of  a  range  of  LB-coated  planar  cathodes.  In  the  second 
investigation,  a  high-resolution  electron  spectrometer  has  been  used  to  study  the  influence  of 
the  applied  field  on  the  shift  and  half-width  spectral  characteristics  of  individual  emission  sites. 

2.  Experimental  Systems 

This  study  employed  two  specialised  UHV  systems  whose  operational  and  design  details  have 
been  given  elsewhere.  The  first  system  (Bajic  and  Latham  1988)  consists  of  a  plane-parallel 
electrode  geometry  (0.3mm  gap)  and  incorporates  a  Sn02-coated  transparent-anode.  With  this 
arrangement,  the  spatial  distribution  of  emission  sites  can  be  monitored  by  photographic  or 
video  recording  of  the  associated  "anode  spots"  which  are  formed  due  to  impinging  high- 
energy  electrons.  The  second  system  is  a  purpose-built,  high-resolution  election  spectrometer 
(Bayliss  and  Latham  1985)  which  electronically  locates  the  positions  of  emission  sites  by  an 
anode  probe-hole  scanning  technique.  Having  located  a  site,  electron  energy  spectra  can  be 
obtained  and  displayed  with  respect  to  the  Fermi  level  of  the  metallic  substrate  with  a  resolution 
of  25meV. 

*  GEC  Hirst  Research  Centre,  East  Lane,  Wembley,  Middlesex,  HA9  7PP 
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3.  Results 


Using  a  Langmuir-Blodgett  (LB)  film  deposition  process  (Peterson  1984),  ten  cathodes  were 
produced  from  various  14mm-diameter  substrates,  and  with  co-tricosenoic  acid  coatings 
varying  in  thickness  from  90-750A  (see  Table  1).  By  applying  a  gradually  increasing  field  to  a 
virgin  LB-cathode,  it  is  found  that  a  point  is  reached,  Esw,  where  a  switch-on  event  is 
observed.  This  irreversible  process  typically  occurs  at  fields  of  lO-lOMVnr1,  and  results  in 
the  establishment  of  one  or  more  emission  sites:  subsequently,  as  the  field  is  further  increased, 
it  is  typical  to  observe  up  to  30  sites  for  fields  ^OMVnr1.  Thus,  Figure  1  compares  the 
resulting  I-V  characteristics  and  emission  site  distribution  images  obtained  for  an  uncoated  Ag 
cathode  and  an  Ag  cathode  coated  with  a  500A  LB-film.  This  clearly  illustrates  that  thin 
dielectric  coatings  dramatically  increase  the  total  number  of  sites  and  hence  emission  current 
from  planar  metallic  cathodes.  Table  1  compares  the  characteristic  emission  parameters 
obtained  from  similar  measurements  on  the  ten  cathodes  used  in  this  study.  From  these  Ham,  it 
will  be  seen  that,  although  the  LB^eathodes  exhibit  a  high-current  and  high  site  density 
characteristic,  there  is  no  correlation  between  these  parameters  and  the  corresponding  LB-film 
thicknesses. 

fig  li  A  comparison  of  cne  If  and  site 
distribution  data  typically 
obtained  from  uncoated  and  L3 
coated  Ag  cathodes. 


Table  1:  The  emission  characteristics  of 
10  LB  coated  cathodes. 


Substrate 

LB-film 
Thickness  (A) 

ESW 
(MVm  ) 

Ic  (total) 
at  20Mvm  ((iA) 

No  of  sites 
Cnrl 

Ag 

uncoated 

33.3 

0.001 

i 

A* 

90 

23.3 

60.0 

16 

Ag 

210 

22.3 

1.0 

8 

Ag 

270 

18.3 

110.0 

12 

w 

270 

23.3 

4.0 

23 

Au 

270 

13.3 

30.0 

1 

Ag 

310 

18.0 

120.0 

20 

w 

510 

13.3 

13.0 

16 

Au 

510 

10.0 

40.0 

2 

Ag 

750 

21.6 

0.3 

7 

The  electron  spectroscopy  system  has  revealed  that  individual  LB  sites  are  typically  composed 
of  a  number  of  sub-sites  (Bajic  1989)  which  each  give  rise  to  characteristic  single-peaked 
spectra.  These  spectra  display  field-dependent  peak  shifts  (AEj)  to  energies  of  Sic V  below  the 
substrate  Fermi  level,  and  half-widths  (AEi/j)  of  typically  SO.SeV,  i.e.  characteristic  of  a  non- 
metallic  emission  mechanism  (Bayliss  and  Latham  1986).  Figures  2(i)  and  (ii)  show 
respectively  the  field-dependencies  of  AES  and  AE^  for  typical  sub-sites  on  Ag  cathodes 
coated  with  LB-films  of  thicknesses  of  (a)  210A,  (b)  450A  and  (c)  330A.  Thus,  whilst  AEg 
and  AEj/2  increase  with  the  applied  field,  i.e.  as  observed  with  sites  on  uncoated  HV 
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Fig  2:  The  field  dependence  of  (i)  the  spectral  shift  and  (ii)  the  spectral  halfwidths  for  the  typical 
sites  on  3  cathodes  with  different  LB  film  thicknesses. 


(«)  (b)  (c) 


Fig  3:  A  schematic  of  three  possible  forms  of  film  contamination  and  emission  site  formation. 

electrodes,  it  is  apparent  that  these  parameters  also  exhibit  an  anomalous  oscillatory  behaviour, 
where  the  interval  between  successive  maxima  and  minima  is  typically  O.fiMVnr1.  Finally, 
further  spectral  measurements  have  revealed  that  there  is  no  correlation  between  the  spectral 
characteristics  of  sites  and  the  corresponding  LB-film  thicknesses. 

4.  Discussion 

The  site  distribution  images  and  spectral  data  for  these  cathodes  strongly  imply  that  the 
emission  current  derives  from  a  localised  "non-metallic"  filamentary  mechanism,  i.e.  as  is 
believed  to  occur  on  uncoated  HV  electrodes  (Bayliss  and  Latham  1986).  In  terms  of  this 
mechanism,  electrons  tunnel  into  the  conduction  band  of  the  insulator  from  a  preferential 
substrate  location,  where  they  are  subsequently  "heated"  by  the  penetrating  field  and  emitted 
over  the  surface  barrier  into  vacuum.  If  it  is  assumed  that  the  conducting  filaments  are 
"formed”  in  an  idealised  metal-LB  film  structure  of  film  thickness  d,  then,  referring  to  the 
spectral  shift  data  of  Figure  2(i),  a  comparison  of  the  internal  LB  field  (EpAEj/d)  with  the 
expected  "static"  film  field  (Eg/er)  would  imply  that  a  (possibly  non- geometric)  field 
enhancement  factor  of  £10  exists  at  these  sites.  If  it  is  further  assumed  that  ohmic  loss  along  a 
filament  can  contribute  to  the  observed  spectral  shift  AES,  then  an  ifRf  voltage  drop  of  -0.5  V 
(i.e.  a  filament  resistance  of  -O.IMfl)  is  necessary  to  equate  the  above  internal  field  values.  In 
fact,  similar  filament  resistances  have  been  obtained  from  studies  on  conduction  through  LB 
multilayers  in  MIM  sandwich  structures  (Couch  et  al  1986),  where  evidence  suggests  that 
metallic  filament  formation  may  occur,  e.g.  due  to  an  electromigration  process. 
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Alternatively,  since  the  experimental  data  show  no  correlation  with  LB-film  thickness,  there  is 
a  strong  suspicion  that  the  emission  mechanism  from  these  cathodes  is  associated  with  film 
and/or  substrate  contamination:  the  role  of  micron-sized  surface  contaminants  in  stimulating 
emission  from  uncoated  HV  electrodes  is  well  known  and  has  been  reviewed  elsewhere 
(Latham  1988).  Figure  3  shows,  schematically,  three  forms  of  particulate  contamination  and 
the  associated  filament  formation  which  may  occur  with  the  present  LB -coated  cathodes  (Bajic 
1989).  Considering  case  (c),  it  can  be  shown  that  the  "antenna  effect  (Athwal  et  al  1985)  of, 
for  example,  a  lp.m- sized  conducting  particle  will  give  rise  to  a  field  enhancement  of  ~10  times 
within  the  LB-film  region,  i.e.  in  agreement  with  the  field  enhancement  factor  deduced  from 
the  above  spectral  data.  Furthermore,  since  the  field  enhancement,  and  hence  emission 
mechanism,  depends  on  the  condition  that  the  particle  remains  uncharged,  the  good  "blocking 
contact"  provided  by  the  LB-film  may  account  for  the  formation  of  more  sites  with  these 
cathodes  when  compared  with  an  ambient  oxide/contaminated  HV  electrode  regime. 

Referring  to  the  oscillatory  field-dependencies  of  AES  and  AEj/2  shown  in  Figures  2(i)  and  (ii) 
respectively,  it  is  important  to  note  that,  although  similar  non-linear  spectral  effects  have  been 
reported  in  studies  of  oxide-coated  HV  electrodes  (Bayliss  1984),  no  precise  explanation  of 
these  effects  is  available  at  present.  According  to  the  non-metallic,  hot-electron  model  (Bayliss 
and  Latham  1986)  described  above,  the  spectral  half-width  (AEj/j)  will  be  strongly  dependent 
on  the  hot  electron  temperature  at  the  insulator-vacuum  interface,  which,  in  turn,  will  depend 
on  the  local  interface  field  and  the  energy  loss  mechanisms  in  this  region  due  to  electron- 
phonon  interactions.  Considering  the  latter  effect,  it  is  possible  that  the  large,  complex 
molecular  structure  of  the  LB-film  will  provide  the  characteristic  phonon-loss  modes  for 
conduction  band  electrons,  i.e.  such  that  the  spectral  behaviour  may  be  related  to  the  particular 
frequencies  and  harmonics  of  the  multilayer  structure.  Finally,  since  the  "period"  of  the 
oscillatory  spectral  behaviour  is  apparently  independent  of  the  total  film  thickness,  it  has  been 
tentatively  suggested  (Bajic  1989)  that  the  hot  electron  temperature  may  be  influenced  by  Bragg 
diffraction  effects  at  the  LB-film  planes. 
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ABSTRACTS  The  emission  site  distribution  of  a  slit  type 
liquid  metal  ion  source  operating  with  caesium  is  investi¬ 
gated,  resulting  in  a  micron-sized  linear  array  of  emission 
sites  with  spacings  rather  independent  of  the  emission  cur¬ 
rent.  Technological  methods  customary  in  vacuum  microelec¬ 
tronics  are  suggested  far  the  fabrication  of  miniaturized 
linear  arrays  of  liquid  metal  field  effect  sources,  operat¬ 
ing  at  least  at  much  lower  voltages. 

1.  INTRODUCTION 

When  the  surface  of  a  liquid  metal  exposed  to  vacuum  is  sub¬ 
jected  to  a  high  electric  field  resulting  from  suitable  volt¬ 
ages  applied  to  an  emitting  electrode  geometry,  it  is  distor — 
ted  into  a  cone  or  a  series  of  cones  which  protrude  more  and 
more  from  the  surface  with  increasing  field  strength.  When  the 
field  reaches  values  of  some  lO^Vm'*-,  according  to  the  polari¬ 
ty  of  the  field  generating  voltage  field  emission  or  field 
ionization  occurs  from  the  apex  region  of  these  cones.  Because 
the  radius  of  curvature  at  the  apex  of  such  a  cone  is  of  the 
order  of  lO'^m  or  less,  applied  voltages  of  some  1Q3V  are 
sufficient  to  obtain  the  required  high  electric  fields  with 
macroscopic  interelectrode  distances  of  about  10_aim.  Electron 
«nd  ion  beams  can  be  created  from  liquid  metal  wetted  needles 
(or  arrays  of  needles)  or  from  capillaries  into  which  the 
liquid  metal  is  allowed  to  flow;  field  electron  emission  as 
well  as  ion  emission  from  caesium-wetted  tungsten  needles  and 
stainless  steel  capillaries  has  been  demonstrated  successfully 
by  hi tterauer  (1984). 

One  of  the  most  advanced  field  ion  sources  is  the  slit  emitter 
originally  developed  at  the  European  Space  Agency  (ESA)  as  an 
ion  thruster  for  electric  space  propulsion  with  liquid  caesium 
as  propellant  (Bartoli  et  al  1984).  In  this  case,  the  capilla¬ 
ry  is  elongated  to  a  slit  of  some  10~*m  length  with  nearly 
rectangular  cross  section,  allowing  therefore  the  occurrence 
of  a  series  of  equally  spaced  emitting  cones.  This  type  of  ion 
source  represents  an  ultimate  development  in  precision  mecha¬ 
nics,  demonstrated  by  actual  numerical  values  of  about  10~*m 
for  both  the  emitter  slit  width  w  and  the  round-off  radius  r« 
of  the  emitter  slit  edge  (Figure  3). 
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Besides  the  original  concept  as  an  ion  thruster,  the  slit 
emitter  generally  may  be  employed  as  a  high  current  liquid 
metal  -field  effect  ion  or  electron  source  far  terrestrial 
applications  in  science  and  technology. 

2.  SLIT  EMITTER  MODULE 


The  slit  emitter  module  in  principle  consists  of  two  symmetri¬ 
cal  highly  polished  metal  plates  of  the  shape  depicted  in 
Figure  1.  In  one  or  both  of  the  emitter  halves  there  is  milled 
a  recess  to  be  of  use  as  a  reservoir  of  the  liquid  metal  supp¬ 
lied  to  the  emitter  module  by  a  feeding  capillary  tube.  On 
certain  regions  of  one  of  the  inside  faces  there  is  sputter 
deposited  a  layer  of  nickel  with  a  thickness  of  about  10~~*m. 
When  the  two  halves  are  tightly  clamped  together  they  are  se¬ 
parated  by  the  thickness  of  this  layer,  thus  forming  a  narrow 
slit  of  length  1,  width  w  and  depth  d  through  which  the  liquid 
metal  can  flow  and  be  transported  to  the  edges  of  the  slit  by 
the  action  of  capillary  forces.  Until  now,  emitter  modules 
with  slit  lengths  of  15,  30,  50  and  80mm  have  been  produced. 
The  material  used  for  the  emitter  fabrication  is  stainless 
steel  and,  more  recently.  Inconel . 


The  electrode  conf iguration  used  to  create  the  proper  electric 
field  at  the  emitter  slit  edge  region  is  shown  in  Figure  2.  A 
plane  accelerator  electrode  with  art  aperture  Qf  width  2b  is 
mounted  in  a  distance  a  of  the  emitter  slit  edge.  Emitter  and 
accelerator  are  kept  at  voltages  +U*  and  -Umsb  respectively 
vs.  ground  potential  in  order  to  create  the  electric  field 
necessary  to  produce  and  accelerate  the  ion  beam.  Actual  data 
for  the  emitter-accelerator  geometry  according  Figures  1  and  2 
are  as  follows:  1=1,5. 10~am?  a-6. lO-^m;  2b=4. 10~3m;  d=1.10_am; 
w=l,2. 10~*m  and  1,5. 10~*m,  respectively.  Typical  voltages  for 
U*  range  between  O  and  6kV  at  a  constant  value  U<M=c=-5kV,  with 
a  maximum  emission  current  lK=5mA  for  U*=6kV. 


Figure  1.  Emitter  module  and 
principal  dimensions  of  the 
emitter  slit 


Figure  2.  Sectional  view  of 
the  emitter-accelerator  con- 
f iguration 


Electron  sources 
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3.  EMISSION  SITE  DISTRIBUTION 

If  the  emitter  is  filled  with  liquid  Cs  and  the  surfaces  of 
the  slit  until  the  slit  edges  are  uniformly  wetted  by  'he 
liquid  metal,  a  homogeneous  linear  liquid  tip  of  semicylindri- 
cal  shape  is  assumed  to  exist  at  the  slit  edges  at  onset  con¬ 
ditions  of  emission.  The  sectional  view  of  this  emitter  region 
schemati cal  1 y  is  outlined  in  Figure. 3,  showing  also  different 
idealized  assumptions  on  the  equilibrium  shape  of  the  liquid 
tip;  the  tip  radius  rB  dependens  on  both  the  emitter  slit 
width  w  and  the  radius  of  curvature  r«  of  the  emitter  slit 
edges,  which  are  both  of  the  order  of  10-*m.  Enhancing  the 
electric  field  ,  the  linear  liquid  tip  is  distorted.  Due  to 
electrohydrodynamic  effects,  equidistant  spaced  emitting  sites 
originate  along  the  extension  of  the  emitter  slit.  The  exis¬ 
tence  of  a  matrix  arrangement  of  wavelike  instabilities  on 
electrically  stressed  surfaces  of  fluids  is  a  well  known  phe¬ 
nomenon  (Melcher  1961).  The  linear  disposition  of  emitting 
features  observed  on  slit  emitters  by  Aitken  and  Prewett t 19B3) 
and  by  Mitterauer  (1987)  obviously  is  related  to  these 
surface  instabilities. 

The  mathematical  treatment  of  this  problem  has  been  discussed 
in  some  detail  even  by  Aitken  and  Prewett  (1983),  considering 
also  standing  wave  perturbations  with  no  time  variations.  For 
wavelike  instabilities  occuring  on  the  electrically  stressed 
Cs-surface  at  the  orifice  of  the  emitter  slit,  a  simple  rela¬ 
tion  exists  between  the  wavelength  X  of  these  instabilities, 
which  is  identical  with  the  spacing  of  the  emission  sites, 
and  the  radius  of  curvature  r„  of  the  semicyl indrical  liquid 
metal  tip  • 

A  =  nr0 

Within  the  theoretical  figures  outlined  in  Figure  3,  the  case 

(a)  seems  to  be  most  unlikely  for  an  emitter  slit  edge  proper — 
ly  wetted  with  Cs.  The  equilibrium  configurations  according 

(b)  and  (c)  are  more  realistic  as  these  depend  mainly  on  the 
actual  wetting  properties  at  the  emitter  slit  edge. 


la)  lb)  k) 

Figure  3.  Sectional  view  of  the  linear  liquid  metal  tip  at  the 
orifice  of  a  slit  emitter  at  onset  conditions 


64 


Vacuum  microelectronics  89 


With  the  values  of  X  measured  for  two  emitter  with  slit  widths 
of  w“l ,2. 10~*m  and  w-l,5.10-*m,  respectively,  there  result  for 
the  radius  of  curvature  r„ 


w 

X 

O 

1,2pm 

7,5pm 

2,4pm 

1 ,2pm 

16pm 

5pm 

1 ,5pm 

10pm 

3,2pm 

The  occurence  of  a  nearly  constant  value  of  X  verified  experi¬ 
mentally  for  a  wide  range  of  emission  currents  obviously  may 
not  be  explained  in  terms  of  a  simple  standing  wave  theory 
neglecting  hydrodynamic  effects  but  has  rather  to  be  treated 
by  a  flow  field  theory  assuming  also  mutual  interactions  of 
adjacent  emission  sites.  As  a  qualitative  approach,  one  may 
assume  an  emission  site  distribution  mainly  impressed  by  the 
onset  conditions  which  is  not  changed  considerably  with  in¬ 
creasing  emission  current  due  to  the  concentration  of  the 
hydrodynamic  flow  of  Cs  to  the  apices  of  the  emission  sites. 
Considering  the  instabilities  of  liquid  columns,  a  similar 
idea  even  was  proposed  by  Thomas  et  al  (1980),  i.e.  in  a  vis¬ 
cous  fluid  the  positions  of  the  emitting  sites  are  likely  to 
be  stabilized  by  the  fluid  flow. 

4.  CONCLUSIONS 

Bearing  in  mind  the  ultimate  stage  in  precision  mechanics  in¬ 
volved  into  the  fabrication  of  the  emitter  module  by  grinding 
and  lapping,  and  considering  the  micron-sized  dimensions  at 
the  emitter  slit  edge  outlined  in  Figure  3  on  the  one  side  as 
well  as  the  macroscopic  dimensions  of  the  emitter — accelerator 
conf iguration  shown  in  Figure  2  on  the  other  side,  a  miniatu¬ 
rization  of  the  whole  electrode  geometry  by  methods  customary 
in  vacuum  microelectronics  appears  to  be  obvious. 

Besides  technological  advantages  resulting  in  a  much  more  ac¬ 
curate  alignement  between  emitter  and  accelerator  electrode, 
due  to  the  much  smaller  interel ectrode  distance  a  considerable 
reduction  of  the  emitter  and  accelerator  voltage  is  expected. 
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ABSTRACT:  We  have  investigated  a  novel  cold  cathode  based  on  avalanche 

breakdown  of  a  Al-GaAs  Schottky  barrier  junction.  The  magnitude  of  emission  current 
density  (2.6x1 05  A/cm2)  is  consistent  with  order  estimation  value. 


I.  INTRODUCTION 

Election  emission  cathodes  using  semiconductors  have  been  investigated  for  nearly  30  years 
(Burton  1957).  Recently,  it  has  been  known  that  a  Si  cold  cathode  with  a  reverse-biased  pn 
junction  parallel  to  its  surface  has  a  high  current  density  (compared  with  that  of  thermionic 
cathode)  by  fabricating  a  very  thin  and  a  heavily  doped  n-type  layer  (Gorkom  et  al.  1980). 
By  applying  reverse-biased  voltage  between  the  junction,  avalanche  elections  are  generated 
and  those  electrons  with  energy  higher  than  the  vacuum  level  will  pass  through  the  n- type 
layer  into  vacuum.  It  is,  however,  difficult  to  make  this  thin  and  heavily-doped  n-type  layer 
with  low  series  resistance  because  of  high  fabrication  technique  and  of  physical  properties 
(e.g.,  low  carrier  density,  doping  limit)  inherent  in  semiconductors. 

Cold  cathodes  with  Schottky  barrier  junctions  would,  however,  overcome  these  difficulties 
since  metal  resistivity  is  the  order-of-magnitude  smaller  than  highest  doped  n-type  layer,  and 
it  is  relatively  easy  to  fabricate  a  metal  layer  on  a  p-type  layer.  Furthermore,  by  making  a 
thin  metal  for  the  junction,  sharp  energy  distribution  of  avalanche  elections  emitted  from  the 
p-type  layer  can  ballistically  pass  through  the  metal  layer  if  the  mean  free  path  of  these 
electrons  is  longer  than  the  thickness  of  the  metal  layer. 

Although  a  cold  cathode  with  Schottky  barrier  junction  could  be,  in  principle,  suitable  for  a 
high  efficient  cold  cathode,  to  our  knowledge,  no  investigation  has  been  done  for  realizing  a 
Schottky  barrier  cathode.  This  may  be  due  to  the  fact  that  it  is  difficult  to  make  a  heavily 
doped  semiconductor  with  a  good  junction  characteristics.  We  have  attempted  to  make  a 
cold  cathode  with  a  Schottky-barrier  junction  using  GaAs  since  GaAs  has  high  Schottky 
barrier  height  for  novel  metal.  A  good  junction  has  been  obtained  by  using  focuscd-ion- 
beam  (FIB)  technique. 

In  this  paper,  we  shall  report  cathode  design  and  characteristics  of  the  GaAs  Schottky 
cathode. 


IL  DESIGN  OF  SCHOTTKY  CATHODE 

As  shown  in  Fig.l,  the  electrons  generated  by  avalanche  multiplication  in  p* semiconductor 
Schottky  junction  are  accelerated  by  the  high  field.  Electrons  that  have  kinetic  energy  higher 
than  the  work  function  of  the  metal  surface  have  a  chance  of  escaping  into  vacuum. 

Schematic  cross  section  of  the  GaAs  cold  cathode  is  shown  in  Fig.2.  This  cathode  have  a 
small  electron  emission  area  which  composed  Schottky  barrier  junction  and  a  guard  ring 
consisted  of  p-n  junction.  The  guard  ring  is  formed  to  prevent  a  leakage  at  the  edge  of  the 
Schottky  barrier  junction.  This  device  construction  is  simple  and  suitable  for  submiciometer 
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Fig.  1 .  Energy  band  diagram  of  a  reverse  Rg.2.  Schematic  drawing  of  the  Schottky 
biased  Schottky  cathode.  cathode. 

size  fabrication.  Contact  electrode  is  directly  connected  to  the  Schottky-barrier  junction  to 
reduce  series  resistance  and  to  avoid  parasitic  capacitance. 

The  high  electric  field  in  the  depletion  layer  has  to  be  as  large  as  possible,  while  avoiding 
tunnel  breakdown,  as  suggested  by  Gorkom  et  al.(1986).  Avalanche  conditions  in  the 
Schottky  barrier  junction  depend  on  carrier  concentration  of  the  semiconductor  same  as  that  in 
p-n  junction.  We  have  estimated  important  parameters  such  as  breakdown  voltage,  maximum 
electric  field,  depletion  width  under  the  avalanche  condition  near  tunneling  condition  which 
by  calculating  numerically  with  use  of  ionization  integral  equation.  We  use  the  value  of 
ionization  rates  in  the  high  electric  field  measured  by  GaAs  avalanche  photodiode  (Ito  et  al 
1978).  The  field  dependence  of  die  ionization  rates,a ,  can  be  expressed  as 

O4,=  5.6xl06exp(-2.41xl0«/£)  1) 

Oip  m  1.5X106  exp(-1.57xl06/E)  2) 

where  E  (V/ cm)  is  electric  field  of  abrupt  junction  in  the  space  charge  region  which 
determined  by  poisson's  equation.  From  calculation  results  shown  in  Fig.3,  the  impurity 
concentration  is  chosen  the  to  be  7xl017cm  3.  This  value  can  be  obtain  a  threshold  field  of 
tunneling  breakdown  larger  than  lxlO6  V/cm.  The  breakdown  voltage  and  the  deletion  width 
in  this  condition  can  be  evaluated  to  be  5.0  V  and  0.8  pm,  respectively. 

Metal  selection  of  this  type  is  important  to  obtain  stable  electron  emission  and  high  efficiency. 
Total  mean  free  path  in  the  metal  is  strongly  dependent  on  excess  energy  (difference  of 
electron  energy  and  Fermi  energy).  In  the  energy  region  of  avalanche  breakdown,  excess 
energy  of  the  electrons  and  its  total  mean  free  path  in  the  metal  is  expected  to  be  2-8  eV  and  3- 
7nm  (Heiblum  1981),  respectively.  If  the  thickness  is  less  than  a  value  of  the  total  mean  free 
path,  ballistic  electron  emission  could  be  expected.  As  the  resistivity  of  a  thin  metal  formed 
by  evaporation  method  is  smaller  than  2x1 05  Gem,  surface  layer  of  the  Schottky  cathode  has 
lower  resistance  than  that  of  p-n  cathode. 

In  this  case,  aluminum  metal  was  also  selected  for  the  material  of  the  property  with  relatively 
long  mean  free  path.  The  Schottky  junction  was  fabricated  as  parallel  to  the  surface  to 
maintain  high  field,  and  to  obtain  uniform  electron  emission.  The  parameters  of  this  diode 
are  summarized  in  Table  L 


m.  EXPERIMENT 

There  are  several  important  processes  to  fabricate  the  electron  device  of  the  Schottky  cathode. 
The  GaAs  epitaxial  layer  was  grown  by  molecular  beam  epitaxy  (MBE)  and  the  diodes  were 
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Fig.3.  Breakdown  voltage, 

maximum  field  and  depletion-layer 
width  at  avalanche  condition. 


Table  I 
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Guard  ring 

N-typeGaAa 

ESE5EM 

Active  ansa 

P-type  GaAs 

?xld7cm'a  (Be) 

Metal 

At 

— 

9-IOnm  | 

fabricated  on  the  surface  by  the  processes  using  FIB-implantation  technique.  FIB 
implantation  was  carried  out  in  a  UHV  system  with  contamination  free  condition. 

Two  different  ions.  Be  and  Si,  were  implanted  to  fabricate  the  active  region  and  guard  ring 
without  exposing  a  sample  to  the  air. 

In  order  to  fabricate  a  thin  depletion  layer  of  the  active  region,  Be  ion  having  lower  energy  of 
40keV  was  used.  On  the  other  hand.  Si  ion  was  used  under  the  condition  of  higher  energy 
of  160  keV  to  fabricate  a  deep  p-n  junction. 

For  the  activation  of  the  implanted  area,  cap  anneal  with  AIN  film  it  was  carried  out  at  the 
temperature  of  850  °C.  The  AIN  film  encapsulation  is  most  suitable  to  form  the  Schottky 
cathode  for  a  reduction  of  stress  between  GaAs  and  the  film  and  surface  smoothness  after  the 
anneal  process.  Cr/Au  ohmic-contact  metal  for  back  contact  and  Au-Ge/Au  ohmic-contact 
for  guard  ring  are  deposited  and  alloyed  under  the  condition  of  400  °C  for  5min.  Thin  metal 
for  Schottky  contact  was  deposited  at  the  last  process  afier  surface  cleaning. 


IV.  RESULT  AND  DISCUSSION 

A  typical  characteristics  of  current-voltage  and  electron  emission  of  the  GaAs  Schottky 
cathode  are  given  in  Fig.  4.  The  diode  current  increases  moderately  from  5V  and  linearly  at 
17V.  On  the  other  hand,  the  shape  of  the  forward  I-V  curve  shows  typical  characteristics  of 
the  Schottky  diode.  Series  resistance,  Schottky  barrier  height,  and  ideal  factor  of  the  diode 
are  170  Q,  0.66  V,  and  1.25,  respectively,  which  were  calculated  by  using  forward 
characteristics  and  Nord  plots  (1979). 

Under  the  reverse  bias  condition,  the  luminescence  associated  with  the  avalanche  break  down 
was  observed  at  the  small  active  region.  The  characteristics  of  electron  emission  measured  in 
a  vacuum  system  (vacuum  level  is  below  104  Pa),  is  shown  in  left-upper  side  of  Fig.4.  The 
maximum  emission  current  is  40  pA  (2.6xl0-5  A/cm2)  at  the  diode  current  is  9mA(5.9xl03 
A/cm2). 

Breakdown  voltage  is  in  good  agreement  with  the  calculated  value.  Implanted  active  region 
good  Schottky  characteristic  and  low  series  resistance  value.  However  the  current 
density  of  diode  is  small  yet,  because  the  concentration  of  epitaxial  layer  is  selected  as 
2xl0'*cnv3  in  order  to  obtain  high  breakdown  voltage  of  guard  ring.  In  this  investigation, 
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electron  emission  from  the  surface  on  the  Schottky  diode  is  confirmed.  The  current  density  of 
the  electron  emission  is  in  good  agreement  with  order  estimation  using  the  following 
assumption  parameter,  electron  temperature  is  0.3-0.4  eV  and  work  function  of  AI2O3  is  4.7 


VL  CONCLUSION 

By  designing  the  Schottky  cathode  and  developing 
the  process  to  fabricate  heavily  doped  P-type 
layer,  it  has  been  confirmed  the  emission  of 
electrons  from  Al/GaAs  Schottky  barrier  cathode. 
The  cathode  has  properties  of  a  ballistic 
emission,  and  high  speed  driving  of  conventional 
Schottky  diode  own.  Further,  the  efficiency  and 
energy  distribution  of  the  cathode  will  be  able  to 
improve  by  using  a  material  of  lower  work 
function  and  thinner  metal  less  than  total  mean  free 
path  of  injecting  electrons.  The  process  to 
fabricate  the  cathode  becomes  extremely  simple  by 
using  FIB  technique,  because  two  kind  of 
impurities  are  implanted  without  exposing  a 
sample  to  the  air.  Furthermore  this  process  is 
suitable  for  fabricating  electron  emission  cathode 
in  the  submicrometer  size. 
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ABSTRACT:  a  model  for  the  P~n  NEA  cold  cathode  has  been  derived  which 

accounts  for  the  variation  of  device  efficiency  with  p-layer  removal . 
Values  of  0.5%  and  1%  were  achieved  for  circular  emitting  areas  of  15pm 
and  1mm  diameter  respectively  and  emission  current  densities  up  to  2Acm-2. 
Based  on  the  model  a  change  of  p-type  doping  and  a  shallower  junction  depth 
could  give  efficiencies  up  to  30%  in  GaAsP  diodes. 


1 .  INTRODUCTION 


The  GaAsP  NEA  cold  cathode  is  an  effective  means  of  obtaining  electron 
emission  in  vacuum  without  either  high  cathode  temperature  or  the  need 
of  a  high  electric  field.  Potential  advantages  when  conqpared  to  its 
thermionic  counterpart  include  a  low  electron  energy  spread,  emission 
control  with  low  voltage  circuitry,  fast  direct  modulation  and  the 
possibility  of  extended  uniform  emission  sources. 

The  cold  cathodes  investigated  consisted  of  a  p^n  junction,  the 
p-surface  of  which  is  activated  to  the  negative  electron  affinity 
condition  using  conventional  caesium  or  caesium/oxygen  photocathode 
principles.  The  electron  source  is  provided  by  the  forward  biased  p-n 
junction.  Whereas  initial  efficiency  of  operation  is  dependent  upon 
achieving  the  NEA  condition,  thereafter  optimum  efficiency  is  obtained 
by  tailoring  diode  parameters  through  processing. The  study  therefore 
presents  the  results  of  a  phenomenological  model  and  relates  cathode 
efficiency  with  experimental  processing  conditions. 


2.  THEORETICAL  HOPEI, 

The  model  combines  the  effects  of  processing  conditions,  device 
parameters  and  subsequent  electron  escape.  The  major  effects  modelled 
are  therefore : 

(a)  The  potential  variation  within  the  emitting  window  region,  which 
with  the  p-layer  becoming  thinner  will  lead  to  current  crowding 
effects.  Following  Kohn  (1973)  the  current  dependence  for 
radial  geometry  is  obtained. 
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(b)  Changes  in  diode  characteristics  with  p-layer  removal .  With 
decreasing  acceptor  concentration  the  electron  injection  ratio 
changes  and  the  current  path  for  emission  becomes  metal-p+-p-n. 

(c)  The  increased  probability  of  injected  electrons  reaching  the 
surface  as  the  remaining  p-layer  thickness  decreases  with 
sputtering. 

(d)  Thermalising  of  electrons  traversing  the  depleted  surface.  At 

the  depletion  layer  edge,  electrons  are  assumed  to  have  a 
Maxwell-Boltzmann  distribution  and  in  the  absence  of  energy 
losing  collisions  would  obtain  an  energy  Vpp  =0.65eV  at  the 
p-surf ace .  However  the  dominant  energy  loss  is  through  phonon 

interactions  and  the  electron  energy  profiles  are  therefore 
computed  as  a  function  of  acceptor  concentration  (Escher  and 
Schade  (1973)).  The  proportion  of  electrons  possessing  energy 
greater  than  the  vacuum  level  yields  the  emission  factor  for 
the  bent  band  region . 

The  combined  effects  of  the  model  are  shown  in  Fig.  1  for  the 
15pm  window  diameter  diode.  Curves  (a)  and  (b)  represent  the 
contributions  from  bulk  properties  with  electron  diffusion 
length,  Le  ,  as  the  variable.  Curve  (c)  shows  the  effect  of 
electron  thermalisation  represented  by  the  emission  factor  app- 
In  addition,  the  term  a  ^=0.75  for  GaAsP  is  used  to  account  for 
surface  escape  probability  (Burt  and  Inkson  1976).  A  similar 
plot  was  obtained  for  the  1mm  grid  diode  and  an  increased  d.c. 
efficiency  was  predicted,  typically  3%  for  Lfi  =  1pm  and  1%  for 
=0. 3pm. 


Fig.  1  Theoretical  cold  cathode  efficiency  calculated  for  15  pm  diameter 
device,  (a)  and  (b),  variation  due  to  bulk  effects  only,  (c)  emission 
factor,  cxpp  due  to  bent  band  region;  (d)  and  (e),  net  variation. 

The  response  shows  that  tile  effect  of  current  crowding  is  not  important  in 
these  devices  where  the  efficiency  is  seen  to  decrease  at  an  earlier  stage 
of  processing  and  is  due  to  electrons  thermalising. 
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3.  EXPERIMENTATION 


The  GaAsP  diodes  were  conventional  LEDs  mounted  on  To-5  headers  in  a 
UHV  chamber .  The  p+  surface  of  the  window  region  is  slowly  sputtered 
by  low  energy  (100-200eV)  Argon  ion  bombardment  and  the  total  flux 
recorded  in  units  of  current  x  time.  Following  sputtering,  the  diode 
surface  was  coated  with  caesium  by  thermal  decomposition  of  caesium 
chromate.  Cold  cathode  emission  is  then  monitored  and  the 
sputter-caesiation  cycle  repeated  sequentially  until  peak  efficiency 
had  been  passed. 

It  was  found  that  few  devices  achieved  the  NEA  condition  immediately 
after  the  initial  sputtering  and  caesiation  and  they  usually  displayed 
superior  static  I-V  characteristics.  The  techniques  of  surface 
photo-emission  and  diode  photo-voltage  response  were  therefore 
employed  to  study  the  activation  mechanism  wherein  the  NEA  state, 
photo  emission  would  reveal  emissions  from  band  to  band  excitation  and 
also  from  caesium  induced  surface  states.  Photo  voltage,  though 
conceived  as  a  means  of  quantifying  the  p-layer  removal  proved 
complementary  to  photo-emission  and  in  all  cases  the  onset  of  NEA  was 
accompanied  by  the  disappearance  of  the  photo-response.  It  was  thus  a 
simple  diagnostic  technique  to  establish  the  NEA  condition.  Fig. 2 
shows  the  subsequent  photoemission  response  and  the  threshold  at  1.96 
eV  can  be  identified  as  the  band  to  band  excitation  and  the  lower 
thresholds  at  1.76  eV  and  1.65  eV  correspond  to  surface  state 
emissions.  Fig2(b)  shows  that  with  the  chamber  illuminated  the  lower 
threshold  at  1.65  eV  is  obtained. 


Fig. 2  Photoemission  response  after  activation.  (a)  No  illumination;  (b) 
With  background  illumination. 

A  model  which  fits  these  results  is  that  the  Fermi  'evel  is  pinned  at  the 
1.75  eV  state  and  electrons  are  available  for  emiss  ,  whereas  the  1.65  eV 
state  above  the  Fermi  level  is  depleted.  It  is  therefore  the  effect  of 
illumination  which  permits  the  state  to  capture  electrons  and  hence  produce 
emission.  The  density  of  the  1.75  eV  state  therefore  limits  the  NEA 
condition,  but  the  density  decreases  with  p-layer  removal  until  cold 
cathode  emission  occurs.  With  the  attainment  of  full,  theoretically 
predicted  NEA,  cold  cathode  efficiency  was  measured  and  compared  with 
theory . 
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Fig. 3  Cold  cathode  efficiency  versus  cumulative  argon  ion  sputtering. 

Fig.  3  shows  the  cold  cathode  efficiency  as  a  function  of  p- layer  removal 
for  two  15pm  .  devices.  The  emission  stability  is  also  demonstrated  at  1 
min  and  30  min  post-caesiation  intervals  for  the  early  sputtering  sequence. 
The  peak  efficiency  is  close  to  the  predicted  0.3  to  0.7%  range  for  these 
devices.  Comparable  measurements  on  the  larger  grid  structure  diodes  gave 
values  in  excess  of  1%.  Measurements  taken  after  peak  efficiency  has  been 
reached  show  no  sign  of  current  crowding  until  further  p-layer  is  removed 
in  agreement  with  the  theoretical  model. 

Based  on  the  transport  parameters  of  electrons  in  the  p-region  accompanied  by  thermalisation 
in  the  depleted  surface  the  model  derived  predicts  efficiencies  in  the  range  25%-30%  for  a 
uniform  doping  density  of  lxl019cm'3  and  a  p-layer  thickness  of  0.2p.m. 


4.  CONCLUSIONS 

Using  UHV  facilities  and  careful  preparation  techniques,  cold  cathode 
efficiencies  of  typically  0.5%  and  1%  were  achieved  for  circular 
emitting  diodes  of  15pm  and  1mm  diameter  respectively  and  continuous 
emission  current  densities  up  to  2Acm-2  were  obtained  for  the  smaller 
devices.  Photoemission  studies  of  the  NEA  surface  showed  that  full 
theoretical  NEA  could  be  achieved  but  the  presence  of  surface  states 
reduced  band  bending  and  consequent  reduction  of  electron  affinity. 

The  experimental  results  support  the  key  features  of  the  theoretical 
model  which  predicts  that  a  reduction  in  the  p-layer  doping  and 
thickness,  to  IxIO^cm-^  and  0.2ym  respectively,  would  yield 

efficiencies  in  the  range  25%  to  35%  for  GaAsP  cold  cathodes.  Further 
improvements  in  device  structure  would  necessitate  advanced 
microfabrication/micromachining  techniques  to  decouple  the  active  NEA 
surface  through  a  recessed  cathode. 
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ABSTRACT:  Analysis  of  work  on  the  investigation  of  "form¬ 
ed"  metal-insulator-metal  (M3M)  systems  based  on  oxynitri¬ 
de  silicon  films  (Me-S ixNyOz-Me )  is  presented.  Research 
of  MlM-system  behaviour  in  extreme  conditions:  low  tempe¬ 
rature  (up  to  4K)  short  impulses  of  voltage  (10'fc  -  10  *), 
superstrong  field  (up  to  10*V/m)  allowed  to  build  a  physi¬ 
cal  model  of  forming  and  operating  of  thin  film  system  , 
and  on  the  other  hand  to  receive  important  data  for  its 
practical  use  as  non-heated  cathodes  for  the  solution  to 
some  prohlems  of  electrical  engineering. 

I.  INTRODUCTION. 

One  of  the  basic  problems  of  vacuum  microelectronics  is  a 
problem  of  active  elements  creation  and  this  is  in  the  first 
place  of  problems  of  effective  electron  emitters. 

To  solve  these  tasks  the  electron  emitters  must  have  a  num¬ 
ber  of  necessary  qualities,  such  as  to  be  economic,  quick  ac¬ 
tivity,  be  fast  in  operation,  to  have  radiation  stability  , 
low  noise,  technological  creation,  possibility  of  micromidget 
manufacturing,  etc.  It’s  only  natural  that  research  of  such 
emitters  must  be  centred  on  non-heated  cathodes, 
in  this  respect  multipoint  field  emission  systems  ("Jpindt- 
-cathodes")  attract  attention  of  researchers  in  present  time. 
But  from  our  point  of  view  (and  we  haven’t  changed  it  for  al¬ 
most  20  years;  non-heated  cathodes  on  the  basis  of  thin-film 
forming  system  metal-insulator-metal  present  a  certain  inte¬ 
rest  for  solving  a  great  many  tasks  of  vacuum  microelectro  - 
n  ics. 

p  4  o 

1.1  In  MIM-systems  at  10  -  10  A  primaraly  ultradispersive 

amorphous  insulator  thickness  and  at  100  to  200  A  upper  metal 
electrode  thickness  one  observes  the  phenomenon  of  electric 
formation.  As  a  result  of  the  forming  process  (that  is  after 
treatment  of  M3M  system  of  voltage  10  bo  15  V  in  vacuum)  the 
system  becomes  capable  of  electronic  emission  into  vacuum 
from  the  so-called  "channels  of  increased  conduct ivity" (Yanke¬ 
levitch  1980). Bes ides,  electroluminescence,  switching  and  me¬ 
mory  effects  are  observed. Such  effects  were  observed  in  metal- 
insulator-vacuum  systems  which  led  to  intensification  of  break 
down  development  in  vacuum  (Athwal  1984,  Yankelevitch  1988). 
Channels  diameter  is  about  several  hundreds  angstrom,  the  up¬ 
per  electrode  in  these  places  is  missing.  Estimations  show 
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that  channels  number  on  one  square  centimeter  is  10  bo  10  . 

Our  research  showed  that  the  forming  process  itself,  like  a 
growth  of  channels  of  increased  conductivity,  presents  explo¬ 
sive  emissive  primary  stage  at  the  metal- insulator  border, 
with  following  combination  of  solid  endothermic  and  exother  - 
mic  chemical  reactions  in  the  insulator  layer.  Such  a  complex 
process  wich  depends  on  many  external  conditions  (thickness 
and  content  of  layers,  enviroment  temperature,  surrounding 
atmosphere,  electric  field,  etc.)  makes  this  systems  also  sen¬ 
sible  to  external  changes  after  forming  process. 

We  traditionally  do  all  researches  on  Me-S ixUyOz-Me  systems. 
Thermodynamic  analysis  showed  that  substance  filling  channels 
body  even  after  the  forming  process  is  left  n on-metallic,  but 
a  part  of  it  crjstalizes  and  can  be  written  SixNyOzMe.  As  a 
result  of  forming  process  insulator  resistance  in  the  channel 
decreases  by  7  to  8  orders.  At  voltage  10V  conduction  current 
density  in  the  channel  achieves  a  fantastic  value  for  insula¬ 
tors  104  to  10-5"  A/cm2.  At  that  the  system  functions  steadi¬ 
ly  for  dozens  and  hundreds  of  hours. 

1.2  Analysis  of  I  -  V  characteristics  shows,  that  several 
processes  are  responsible  for  current  condition  (jump-type 
conductivity;  a  current,  limited  by  volume  charge;  current  of 
liberation  carriers  from  the  impurity  centres  due  to  thermal 
and  field  effects;  and  etc.),  and  their  importance  depends  on 
electric  fields,  temperature,  surrounding  atmosphere,  etc. 
Moreover,  taking  into  account  that  the  field  is  nonuniform, 
we  can  say  that  current  character  is  different  in  the  insula¬ 
tor  layer  itself. 

1.3  H^w  for  us  the  most  interest  are  the  results  of  the  con¬ 
duction  current  Ic  and  emission  current  Ie  measuring  up  to  the 
low  temperature  (4K).  It  must  be  noted  that  the  value  and 
the  physical  mechanism  of  conductivity  depends  on  the  opera¬ 
tion  conditions.  For  the  "htjK”  vacuum  (the  residual  preasu- 
re  less  than  10“8Ton)  I  -  V  and  temperatures  characteristics 
of  the  Ic  and  Ie  are  monotonic.  The  initial  part  of  the  Ic 
current  I  -  V  characteristic  is  the  Ohm  law.  At  the  electric 
field  intensity  E>1<J8  V/m  for  Ic  and  Ie  currents  I  -  V  cha¬ 
racteristics  are  linear  in  the  Poole-Frenkel  coordinates.  The 
fact  that  the  main  part  of  the  current  is  due  to  that  mecha¬ 
nism  13  confirmed  by  the  temperature  dependences  of  the  Ic 
and  Ie  which  turn  out  to  be  linear  in  the  I -f  coordinates. 

On  the  other  hand,  a  part  of  the  electrons  injected  by  the 
negative  electrode  arrive  at  the  positive  electrode  by  the 
jumping  over  the  localized  states  in  the  forbidden  zone  of 
the  insuxator  accompanied  with  the  photon  emission.  Under 
the  definite  conditions  the  current  may  be  limited  by  the  ne¬ 
gative  space-charge  of  the  electrons  on  the  traps,  what  fol¬ 
lows  from  our  results  obtained  by  the  investigation  of  the 
conductivity  in  the  MIM-system  at  the  medium  vacuum  (10* 

Torr).  Fig.  1,  2  show  temperature  dependences  of  Ic  and  Ie. 
On  the  interval  T  =  80  to  1 50  K  they  have  an  anomalous  charac¬ 
ter:  the  conductivity  decreases  with  increase  of  temperature. 

I  -  V  characteristic  of  the  conduction  current  there  appears 
an  area  of  the  negative  differential  resit  ance  (fig.  3  )• 
These  special  features  may  be  probably  explained  by  the  sor¬ 
ption  effects.  The  electri negative  molecules  of  the  residu- 
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al  gases  (in  the  first  place  -  oxygen)  being  absorbed  on  the 
walls  of  channels  of  increased  conductivity  trap  the  electrons 
and,  form  the  negative  space-charge.  The  temperature  growth 
leads  to  their  desorption  and,  consequently,  to  the  current 

rise.  On  the  contrary,  the  _ _ _ 

hydrogen  absorption  leads  to  -12V 

the  current  rise  (Kimura  et  60  .  / 

al  1980)  since  a  localized  / 

states  area  appears  in  the  / 

forbidden  zone.  This  causes  / 

the  jumping  conductivity  y' 

current  growth.  The  expla-  -  / - - ,10V 

nation  of  the  N  -  form  of  f  j 

the  I  -  V  characteristic  for  /  / 

this  case  is  given  by  Dearna-  - ^  __  /  .  qy 

ley  et  al  (1970).  o  2Q  /'n.  / 

/  - '  /  j  6V 

1.4  Measuring  of  noise  cha-  /  /  / 

racteristics  of  conduction  - ^  J  ^ - - - s  //4V 

and  emission  current  within  _ J] 

wide  range  of  temperature  q  - — — 7T~ 

shows  a  great  lowering  of  - — {— - rt-r - — *- — 

noise  level  up  to  high  fre-  500t;k 

quency  at  the  decrease  of  Pig.  1.  Temperature  dependences 
temperature  up  to  4,2  K.  ic  at  the  different  voltage 

This  speaks  about  suppres-  _ . _ _ 

sion  of  explosive  emission 

processes  at  metal- insula-  30  .  ^)2V 

tor  border  at  low  tempera-  / 

ture  and  stabilization  pro-  /”'\  / 

cesses  in  channels  of  in-  /  \  / 

creased  conductivity  body.  I  \  / 

20  -  \/ 

1.5  Research  of  M3M-system  <  I 

behaviour  with  short  (10 

Sec.)  pulses  of  operating  ~  I  / 

voltage  showed,  that  ic  h  j  /  / 

and  Te  -  pulse  amplitude  10  ■  /  /  \  /  . 

depends  from  amplitude  _ '  /  \  /  /10V 

of  previously  pulse  voltage  /  /~\  x ^  >/ 

also  ("matual  pulse  interfe-  I  j  9V 

rence  effect").  That  is  0 - ~~ — -din; — — 

evex*y  pulse  reverse  the  MIM-  - *43; - - Son - 

-  structure  in  a  new  state  2U0  ->UUT,IC 

("memory  effect").  In  "h<»h"  ^  m 

vacuum  these  effects  are  ab-  ^eP®D<ieQCes 

sent,  we  can  say  that  we  Ie  at  the  different  voltage 
meet  with  sorbtion  effects  on 

the  impurity  centres  in  forbidden  band  of  insulator  -  space 
charge  is  accumulate  on  tnis  centres. 


1 00  200  500 

Fig.  2.  Temperature  dependences 
Ie  at  the  different  voltage 


1.6  investigated  non-heated  cathodes  have  the  following 
working  parameters:  emissive  current  density  ~  10  mA/cm*  , 
effectiveness  ~10_z  ,  durability  in  impulse  regime  and  in 
low  temperature  ***  2000  hours. 

,7e  showed  (in  non-publ ished  works)  a  principal  possibility 
of  vacuum  microelectronics  problems  solving  with  MM-cathodes 
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even  now  by  the  examp¬ 
le  of  v  id  icon  with  cold 
cathode,  thin  film  va¬ 
cuum  diode,  triode  and 
defelectron,  ionization 
n on-heated  manometer, 
etc. 

In  these  special  appara¬ 
tuses  we  used  those  or 
other  differeDtiative 
positive  qualities  of 
our  cathodes}  low  ope¬ 
rating  temperature  and 
possibility  of  cooling 
MIM-cathodes  for  vidi- 
con  of  infrared  range 
of  wave  length;  low 
operating  temperature 
and  thin  film  manufac¬ 
turing  for  active  ele¬ 
ments  of  vacuum  integral 
circuits;  low  operating 
temperature  and  as  a  re-  *  T  _  v  characteristics  Qf 

suit  no  influence  on  sur-  ^c?*1  -  T  -  K  2  -  T  -150  K 

rounding  atmosphere  and  ^C;  1  _  LV4  _V _  *  pV*  ’ 

impulse  control  directly  p  i  -  u  is.,  , 

on  MJB/I-cathode  operating  circuits  for  special  measuring  non- 
-heated  manometer. 

Our  experiments  with  switching  and  memory  effects  of  MIM-sys- 
tems  are  expected  to  be  favorable.  The  first  experiments  show¬ 
ed,  that  the  electron  emission  from  local  areas  (the  top  of 
the  channels  of  increased  conductivity)  allows  to  receive  the 
electron  emitter  with  a  light  emission  area  for  solving  of 
special  electron-beam  tasks. 

We  see  commercial  use  of  MIM-cathodes  in  such  unique  tasks 
which  can  be  solved  only  with  their  help  and  with  the  condi¬ 
tion  that  engineers  will  meet  them  halfway. 
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ABSTRACT 

Electron  emission  and  Joule  heating  are  modeled  for  conical  tip  and  wedge-shaped 
electron  field  emitters  as  a  function  of  changes  in  emitter  shapes. 

INTRODUCTION 

A  surging  interest  in  vacuum  microelectronics  (Greene,  et  al.,  1986)  has  resulted  in  numerous 
proposed  advanced  device  structures  which  utilize  the  cold  cathode  or  field  emitter  as  electron 
source.  However,  a  number  of  fundamental  questions  remain  unanswered  which  are  essential  to 
the  design  of  field  emitters  and  which  are  guided  by  limitations  imposed  by  processing  methods 
and  capabilities.  In  this  paper  we  discuss  two  generic  emitter  structures,  a  cone  and  a  wedge, 
and  calculate  effects  of  realistic  variations  in  geometry  on  emission  current,  spatial  and 
temporal  dispersion  of  electron  emission,  and  on  emitter  heating.  Calculations  are  performed 
analytically  and  by  computer  simulation.  Simulations  are  made  with  SIMION  4.0  simulation 
software,  which  was  developed  by  D.A.  Dahl  and  J.  E.  Delmore  of  the  Idaho  National 
Engineering  Laboratory  and  modified  for  calculation  of  electric  fields  and  solution  of  the 
Fowler-Nordheim  equation  (Spindt,  et  al.,  1976) 

J  =  AE2exp-  |  B  j  (!) 

For  purposes  of  simulation  the  conical  tip  is  approximated  by  part  of  a  spherical  surface,  and 
the  wedge-shaped  emitter  tip  is  approximated  by  part  of  a  cylindrical  surface  (Fig.  1).  In  all 
cases  where  wedge  emission  is  compared  with  conical  tip  emission  the  basal  areas  of  the  two 
emitters  are  made  the  same.  Fig.  1  also  defines  various  parameters  used  in  the  calculations. 
The  main  design  parameters  considered  are  the  cathode-to- anode  spacing  (d  in  Fig.  1),  the 
radius  of  curvature  of  the  emitter  r,  the  cone  or  wedge  half-angle  e,  and  the  height  of  the 
emitter  tip  from  the  surface  h.  These  quantities  can  be  controlled  during  processing  to  varying 
extent  In  addition  the  angle  $  which  rr~  “sents  the  deviation  from  the  normal  at  the  emitting 
surface  (origin  at  end  of  radius  rx  <•  portant  parameter  in  calculating  temporal  and  spatial 
dispersion  of  emitted  electrons.  ...~  age  length  L  can  be  controlled  by  simple  lithography. 

Simulation  results  are  shown  graphically  in  Figs.  2-7,  and  values  for  the  essential  parameters 
are  given  in  Table  I.  The  effect  of  Joule  heating  on  the  tip  temperatur  e  is  given  in  Table  II. 

DISCUSSION 

While  conical  tips  are  most  commonly  used  as  electron  field  emitters,  wedge-shaped  emitter 
surfaces  have  been  proposed  and  used  in  a  few  cases  (Chesnokov,  et.  al.,  1976;  Spindt,  et  al., 
1983;  Marcus,  et  al.,  1988;  Spallas,  et  al.,  1989).  In  most  comparisons  of  emission  current  or 
current  density,  wedges  with  the  same  basal  area  as  cones  have  significantly  reduced  emission 
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TABLE  i 


Values  for  various  parameters  used  In  the  simulations 


Fig  No 

d(tsoi) 

r(nm) 

h(nm) 

6  (deg) 

V(volts) 

L(nm) 

4>(eV) 

2 

SO 

1 

20 

500 

62.8 

4.5 

3 

.5 

.. 

1 

20 

500 

628 

4.5 

4 

.5 

50 

— 

20 

500 

628 

4.5 

5 

.5 

50 

1 

— 

500 

628 

4.5 

6,7 

JS 

50 

1 

20 

500 

628 

4.5 

Table  It 

Heating 

effect  in  conical  and  wedge-shaped  tips 

1  150ti.ni 

I  =  50ji.m 

material 

n(W/cm!  K) 

p(w-cm) 

T.  (°C) 

"•iCcc) 

'CrcP 

T.  (°C) 

Si 

15 

6x10“ 3  ■ 

1.024 

0.103 

0.0114 

0.114 

0.0114 

1.27x10" 3 

Ge 

0.6 

2x10' 3  ■ 

0.85 

0085 

9.4x10' 3 

0.094 

9.4xl0~3 

1.05xl0'3 

GaAs 

0.46 

3-8xl0“4  ‘ 

0.21 

0021 

236x10" 3 

0023 

233x10" 3 

2.62x10" 4 

Mo 

138 

5.7x10"* 

l.OSxlO-3 

l.OSxlO-4 

1.18xl0"5 

1.17xl0"4 

1.17x10"-’ 

131x10"* 

W 

1.73 

5.6xl0*‘ 

8.24x10" 4 

8.24x10"5 

9.23xl0"6 

9.16xl0"s 

9.16x10"* 

1.03x10'* 

*  Nd  =  ltf’ctiT3. 


Anode  Anode 


Fig.  1  Models  of  cone  and  wedge-shaped  emitter  structures  assumed  for 
simulation,  defining  parameters  and  showing  positions  with  respect  to  anode. 


Field  emission 


79 


Fig.  1  Effect  of  emitter-anode  spacing  d  on  emission 
for  wedge  and  cone  emitters. 


Fig.  3  Effect  of  tip  radius  r  on  emission  for  wedge  and 
cone  emitters. 


Fig.  4  Effect  of  tip  post  support  height  h  on  emission  for 
wedge  and  cone  emitters. 


Fig.  5  Effect  of  wall  slope  0  of  tip  post  on  emission 
for  wedge  and  cone  emitters. 


Fig.  6  Effect  of  emission  angle  *  on  emission  from  7  Temporal  dispersion  of  emission  from  wedge 

wedge  and  cone  emitters.  i,r,d  cone  ('PS 
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(see  Figs.  2-6).  Cone  and  wedge  performance  converge  and  improve  as  the  emitter-anode  spacing 
becomes  smaller  for  a  given  radius  r  and  as  the  systems  approximate  a  parallel  plate  capacitor 
(Fig.  2).  Both  performances  also  improve  without  converging  as  post  height  increases  to  a  value 
comparable  to  the  emitter-anode  spacing  (Fig.  4).  The  slope  of  the  side-wall  support  post  has 
a  small  influence  on  the  performance  of  both  structures;  changing  from  a  vertical-wall  post  to 
one  with  a  half  angle  of  20s  only  reduces  emission  to  about  1/3  (Fig.  5).  Current  density  fall 
off  in  a  direction  away  from  the  tip  normal,  and  the  drop  is  faster  for  wedges  than  for  conical 
tips  (Fig.  6).  Temporal  dispersion  resulting  from  varying  electron  transit  times  from  a  curved 
emitter  (Fig.  7)  may  therefore  be  less  of  a  problem  from  wedges,  where  most  of  the  emission 
is  concentrated  near  the  tip  normal. 

It  is  clear  from  the  calculations  shown  in  Table  II  that  temperature  rise  due  to  Joule  heating  is 
very  small  for  all  materials  considered  under  the  boundary  conditions  given.  This  result  is 
consistent  with  the  analyses  of  McCord  and  Pease  (1985),  Dolan,  et  al.,  (1953),  and  Gray  and 
Moglestue  (1987). 

Three  arguments  support  the  use  of  wedge  emitters,  although  the  strength  of  these  arguments 
depend  on  the  application:  1)  Sneaky  processing  tricks  may  permit  wedge  tips  to  be  made  with 
very  high  curvature,  significantly  higher  than  might  be  attainable  with  conical  tips.  Two 
examples  of  such  tricks  have  been  described  (Spallas,  et.  al.,  1989;  Marcus,  et  al.,  1988).  As 
shown  in  Fig.  3  a  small  wedge  tip  radius  may  offset  some  or  all  of  the  loss  incurred  in  moving 
away  from  a  conical  tip.  2)  Wedges  offer  an  advantage  where  point  sources  are  not  necessary, 
and  a  greater  fraction  of  the  available  substrate  surface  area  can  be  utilized  for  support  of  emitting 
elements.  3)  Heat  is  dissipated  more  readily  through  wedges  and  temperature  rises  are  much 
smaller  (Table  II).  This  may  be  a  decisive  factor  in  protecting  against  thermal  runaway  during 
tip  "disruption"  (Spindt,  et  al.,  1976)  or  against  Nottingham  heating,  should  that  prove  to  be 
significant 
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Electrical  characterization  of  gridded  field  emission  arrays 
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GEC  Hirst  Research  Centre,  East  Lane,  Wembley  Middlesex,  HA9  7PP,  UK. 


We  report  the  results  of  experiments  on  gridded  arrays  of  wet-etched  silicon  field 
emission  tips.  Both  I-V  measurements  and  angle  resolved  electron  emission  spectra 
are  presented.  We  found  that  emission  occurred  from  a  small  fraction  of  the  avail¬ 
able  surface  area  with  an  anomalously  small  radius  of  curvature.  The  spectroscopic 
measurements  revealed  that  the  emission  originated  from  several  eV  below  the  Fermi 
energy  in  the  silicon  and  that  the  linewidth  was  narrow  with  AE=  0.28eV  (FWHM). 


In  this  paper  we  present  the  results  of  experimental  measurements  on  gridded  arrays 
of  silicon  field  emission  tips,  which  have  recently  excited  considerable  interest  as  poten¬ 
tial  electron  sources  for  vacuum  electronic  applications,  both  as  direct  replacements  for 
thermionic  cathodes  and  as  a  basis  for  very  small  novel  devices.  Such  a  gridded  struc¬ 
ture  is  illustrated  schematically  in  Figure  1.  In  addition  to  discussing  the  basic  electrical 
characterisation  of  these  structures,  we  present  some  preliminary  angle  resolved  mea¬ 
surements  of  the  electron  energy  distribution.  These  results  provide  information  on  the 
basic  electronic  processes  at  the  surface  of  the  emitters  and  enable  the  performance  of 
these  structures  to  be  assessed  for  potential  device  applications. 

The  structures  took  the  form  of  10  x  8  rectangular  arrays  with  a  spacing  of  20pm  between 
adjacent  tips.  They  were  fabricated  from  n-type  silicon  (N<|  «  1018cm-3)  by  wet-etching 
in  KOH  solution  using  a  photolithograhically  defined  silicon  dioxide  mask  consisting  of  an 
array  of  2pm  square  pads.  After  mask  removal  the  tips  were  sharpened  by  a  differential 
oxidation  process.  The  final  height  of  the  tips  was  approximately  2pm.  Before  depositing 
the  dielectric  layer  the  tips  were  diffusion  doped  to  Ni  =  lO^cm-3.  The  dielectric  was 
6%  phosphorus  doped  silica  glass  (PSG)  grown  by  the  dissociation  of  silane  at  350°C. 
This  layer  was  then  planarised  by  the  repeated  deposition  and  sacrifical  etch  back  of  spin 
on  glass.  The  grid  metal  was  A1  doped  with  1.5%  Si,  sputter  deposited  to  a  thickness  of 
0.5pm.  The  grid  holes,  nominally  1pm  in  diameter,  were  defined  by  UV  photolithography 
and  wet  etched  in  a  proprietary  aluminium  etch.  Finally  the  dielectric  surrounding  the 
tips  was  removed  by  wet  etching  in  an  acetic  acid  and  ammonium  fluoride  solution. 

Basic  electrical  measurements  were  made  with  the  aid  of  a  plate  anode  mounted  parallel 
to  and  about  1mm  above  the  grid.  In  addition,  angle  resolved  measurements  of  the  energy 
distribution  were  performed  with  a  VG  CLAM  100  concentric  hemispherical  electron 
energy  analyser  which  has  an  ultimate  resolution  approaching  20meV  and  an  acceptance 
angle  of  order  1°  (measured  at  the  sample  position). 

Figure  2  depicts  an  I-V  curve  and  a  Fowler-Nordheim  (FN)  plot  [Fowler  and  Nordheim 
(1928)],  with  the  latter  being  a  reasonable  approximation  to  a  straight  line.  The  er¬ 
ror  bars  (±10%)  represent  the  approximate  mean  value  of  the  observed  fluctuations  in 
current.  If  we  assume  a  value  for  the  work  function  $,  the  FN  plot  allows  us  to  calculate 
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Figure  1:  A  schematic  cross-sectional 
view  through  a  gridded  field  emission 
tip. 


Figure  2:  (a)  An  I-V  curve  and  (b)  a 
Fowler-Nordheim  plot  for  a  typical  10 
x  8  array  of  gridded  silicon  field  emit¬ 
ters. 


Fo,  the  electric  field  at  the  surface  and  S,  the  total  area  from  which  emission  originates. 
A  value  of  $  =  4.5eV  [Thanailakis  (1974)]  gives  Fo  =  0.8  — +  1.2V/A,  (corresponding  to  a 
field  enhancement  factor  of  around  200)  and  S  =  57A2.  This  value  for  the  total  emission 
area  is  extremely  small,  corresponding  to  a  fraction  of  the  surface  area  of  a  single  tip. 
Even  allowing  for  the  error  in  the  gradient  of  the  FN  plot,  the  maximum  reasonable 
value  for  S  is  of  order  200 AJ. 

Using  the  field  enhancement  approximation  [Cade  (1989)],  an  enhancement  factor  of  200 
corresponds  to  a  tip  radius  R  «  45 A,  which  is  considerably  smaller  than  suggested  by 
scanning  electron  micrographs  of  this  sample.  These  values  are  not  very  sensitive  to 
the  choice  of  work  function  since  even  a  value  as  small  as  $  =  3.0eV  gives  S  ~  130A2. 
A  current  of  lOOnA  emitted  from  an  area  of  100AS  corresponds  to  a  very  high  current 
density  of  1011Am“*.  The  small  values  for  S  and  R  deduced  above  are  consistent  with 
previous  measurements  on  other  similar  systems  [Spindt  et  al.  (1976)  and  Brenac  et  al. 
(1987)].  The  most  likely  explanation  for  these  low  values  is  that  the  emission  originates 
from  sharply  pointed  features  which  protrude  above,  and  possibly  also  have  a  lower 
workfunction  than,  the  surrounding  tip  material.  It  is  possible  that  these  features  are 
centred  around  dopant  atoms  since  we  have  found  that  the  etch  rate  is  affected  by  the 
dopant  concentation. 

By  biasing  the  anode  close  to  cathode  potential  we  create  a  crude  retarding  plate  energy 
analyser.  Figure  3  shows  a  typical  plot  of  normalised  anode  current  I0/Ic  against  anode 
voltage  V,  lor  two  different  grid  voltages  Vt.  The  derivative  d\a/d\a  of  these  curves  is 
effectively  a  measure  of  the  axial  energy  distribution  of  the  electrons  at  the  plane  of 
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Figure  3:  Two  typical  plots 
of  the  normalised  anode 
current  against  anode  volt¬ 
age  for  the  retarding  plate 
mode.  Notice  that  no  an¬ 
ode  curent  flows  until  V„ 
is  substantially  greater  than 
$a,  the  anode  work  func¬ 
tion.  This  implies  that  the 
axial  energy  of  the  electrons 
leaving  the  grid  is  less  than 

va-ve. 
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*/ 

Figure  4:  Typical  electron 
energy  spectra  recorded 
with  the  sample  orienta¬ 
tion  adjusted  so  as  to  max¬ 
imise  the  electron  flux  col¬ 
lected  by  the  spectrome¬ 
ter.  The  arrows  indicate 
the  estimated  positions  of 
the  cathode  Fermi  energy  in 
each  case. 
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Figure  5:  A  typical  series  of 
spectra  recorded  in  2°  steps 
close  to  the  direction  along 
which  the  emission  was  a 
maximum 


the  grid.  Unfortunately,  due  to  the  small  size  of  the  grid,  the  analysis  is  complicated  by 
the  presence  of  fringing  fields.  However,  it  is  clear  that  the  social  energy  distribution  is 
strongly  peaked  with  the  maximum  occurring  some  way  below  the  Fermi  energy  in  the 
cathode.  This  suggests  either  that  the  electrons  have  a  substantial  transverse  component 
to  their  velocity  or  that  emission  is  taking  place  from  below  the  Fermi  edge  in  the  silicon. 
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Note  that  the  effect  of  the  fringing  field  is  to  reduce  any  radial  velocity  that  the  electrons 
may  have. 

Turning  to  the  experiments  performed  with  the  CLAM  energy  analyser  (in  which  a 
different  sample  was  used),  Figure  4  depicts  a  typical  series  of  spectra  recorded  with 
the  sample  orientation  adjusted  so  as  to  maximise  the  total  electron  flux  collected  by 
the  spectrometer.  Figures  4(a) — (c)  show  the  effect  of  varying  the  cathode-grid  voltage 
(for  these  measurements  the  cathode  was  negative  and  the  grid  grounded  to  ensure  that 
there  were  no  electric  fields  in  the  vacuum  chamber).  The  most  obvious  features  are  that 
emission  occurred  at  several  energies  and  that,  significantly,  all  of  them  lie  below  the 
Fermi  energy  in  the  cathode.  A  subsequent  check  of  the  spectrometer  calibration  against 
the  electrometer  used  to  measure  the  cathode  bias  revealed  agreement  to  within  ±0.03%. 
Although  a  simple  ohmic  resistance  would  be  insufficient  to  account  for  the  entire  shift 
to  below  the  Fermi  energy,  some  dissipative  process  is  implied  by  the  small  shift  down  in 
the  energy  of  the  main  peak  with  increasing  cathode  bias.  It  is  clear  from  Figure  4(d), 
recorded  under  identical  conditions  to  Figure  4(c)  the  following  day,  that  we  cannot  yet 
attach  any  fundamental  significance  to  the  detailed  structure  in  these  spectra. 

High  resolution  measurements  of  the  main  peak  in  Figure  4(a)  clearly  demonstrated  the 
narrow  linewidths  attainable  from  field  emission  cathodes  with  AE  =  0.28eV  (FWHM). 
This  value  is  consistent  with  a  simple  model  based  on  FN  theory  [Bell  and  Swanson 
(1979)],  although  the  emission  in  the  model  occurs  close  to  the  Fermi  energy. 

Figure  5  shows  some  typical  spectra  in  which  the  angle  was  varied  in  2°  steps  close 
to  the  direction  along  which  maximum  emission  occurred.  It  r  clear  that  the  angular 
distribution  was  very  complex  with  given  spectral  features  changing  rapidly  as  the  angle 
was  varied.  The  overall  angular  distribution  was  also  very  nar  -  w  with  the  total  electron 
flux  falling  to  10%  of  its  maximum  value  at  ±6°,  although  several  weak  maxima  (<  3%) 
could  be  observed  at  angles  up  to  ±20°  away  from  the  direction  of  the  main  peak. 

In  conclusion,  we  have  demonstrated  reliable  field  emission  from  several  gridded  arrays 
of  wet-etched  silicon  tips.  The  results  of  I-V  measurements  indicate  that  emission  took 
place  from  a  small  area  of  order  100A2,  and  that,  although  the  current  observed  was 
quite  small,  the  current  density  was  extremely  large  (  ~  10nAm~2).  We  have  also 
shown  that  field  emission  from  these  structures  has  a  very  narrow  energy  distribution 
and  occurs  over  a  small  range  of  angles.  Both  of  these  are  desirable  features  for  potential 
device  applications.  The  detailed  structure  of  the  angle  and  energy  distributions  is 
complex  and  suggests  that  the  surface  electronic  structure  may  be  important,  at  least 
for  a  semiconductor. 

We  wish  to  acknowledge  valuable  discussions  with  Drs  N.A.  Cade  and  R.  Johnston. 
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Energetic  characterization  of  field  emission  cathodes 


R.  Baptist,  A.  Ghis  and  R.  Meyer 
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ABSTRACT  :  The  energetic  characteristics  of  field  emission  cathodes 
consisting  of  10  000  micron  sized  tips  are  presented.  Typical  energy 
distribution  curves  show  an  energy  resolution  AE 
(full-width-at-half-maximum  (FWHM))  of  the  order  of  0.3  eV  for 
electrons  emitted  with  a  kinetic  energy  of  55  eV  and  a  beam  current 
of  10  pA. 

1.  INTRODUCTION 

Recently  Brenac  et  al  (1987;  have  published  the  measurements  of  the 
energy  distribution  curves  (EDC)  as  a  function  of  the  kinetic  energy  for 
electrons  emitted  from  field  emission  cathodes.  These  cathodes  consisted 
of  a  large  number  of  micron  sized  tips  arranged  at  the  surface  of  a 
component  and  realized  using  thin  film  technology.  Emphasis  was  also 
place '  on  the  difficulties  of  measuring  such  EDC  s  for  beam  currents 
w.  '  either  saturate  the  electron  spectrometer  power  supplies  (and 
detectors)  or  produce  strong  parasitic  phenomena  due  to  space-charge 
effects  and  reflections  on  the  walls  of  the  spectrometer  or  its  elements 
(slits,  einzel  lens,  etc).  However,  by  using  different  techniques  we  were 
able  to  show  that  the  measured  3£  values  (for  example  AE  =  0.9  eV  for 
electrons  emitted  at  a  60  eV  with  a  beam  current  of  c:  100  pA)  were 
essentially  due  to  voltage  drops  occuring  at  the  interface  between  the 
tips  and  the  substrate. 

In  the  present  work,  we  describe  the  performance  of  two  types  of 
cathodes.  We  conclude  that  when  the  electrical  contact  between  the  tips 
and  the  metallic  substrate  is  conductive,  then  the  energy  spread  is  of 
the  same  order  than  the  one  observed  from  a  thermionic  electron  beam. 

2.  ENERGY  DTSTRIBUTI0N  OF  THE  FIELD  EMITTED  ELECTRONS 

Cathodes  of  two  different  types  were  observed.  The  type  I  cathode  similar 
to  those  described  by  Brenac  et  al  (1987)  consisted  of  10  000  molybdenum 
tips  deposited  on  a  "resistive"  silicon  substrate  ;  the  type  II  cathodes 
consisted  of  10  000  tips  of  a  Fe/Ni  alloy  deposited  on  a  thin  metallic 
-,'dium  oxide  film. 

For  emission  currents  below  IpA  we  have  measured  the  EDC  *  s  using  the 
previous  deflecting  spectrometer  (Brenac  1987).  For  higher  currents  (up 
to  10  pA) .  these  measurements  were  done  using  another  spectrometer 
described  by  Drouhin  and  Eminyan  (1986).  This  spectrometer  associates  a 
cylindiical  electrostatic  deflection  analyzer  and  a  Faraday  cup 
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collecting  the  electron  beam.  This  analyzer  provides  the  possibility  of 
suppressing  the  "unwanted"  electrons  by  collecting  them  on  plates 
surrounding  thin  highly  transparent  grids.  The  role  of  these  grids  is  to 
fix  the  values  of  the  various  electrode  potentials  in  order  to  determine 
the  electron  pass  energy  value.  For  both  analyzers,  the  resolution  was 
approximately  50  meV. 

Fig.l  presents  two  EDc's  for  electrons  emitted  at  an  energy  of  31  eV 
(the  E  =  0  eV  energy  value  refers  to  the  Fermi  level  of  the 
spectrometer).  The  energy  at  which  electrons  are  detected  is  then  equal 
to  the  voltage  difference  applied  between  the  tips  and  the  gate  times  the 
electron  charge.  The  cathode  is  a  type  I  cathode.  As  observed,  the  EDC  s 
for  both  acquisition  times  are  similar. 


Fig.l  :  EDC  s  recor¬ 
ded  during  two  dif¬ 
ferent  acquisition 
times  (15  sec.  or 
15  min)  for  elec¬ 
trons  having  an 
energy  of  31  eV. 

30  31  30  31 

ENERGY  (eV) 

These  EDC’s  are  asymmetric  at  around  31  eV  with  a  smooth  decrease  towards 
lower  energy.  The  FWHM  (AE)  is  of  0.32  eV  for  an  emission  current  in  the 
nanoampere  range.  When  going  to  higher  energies,  35  eV  or  38  eV  (fig. 2) 
we  observe  first  a  change  of  the  curve  shape  concomitant  with  an  increase 
of  the  energy  spread  and  secondly  a  shift  towards  lower  kinetic  energies. 
This  shift  is  attributed  to  the  voltage  drop  at  the  interface  resistance 
which  naturally  increases  in  the  same  way  as  the  emission  current. 


Fig. 2  :  EDC  s  recor¬ 
ded  for  electrons 
having  an  energy  of 
35  eV  or  38  eV. 


•  I  I  I  I  I  I  I  I  I  I 

30  35  38  40 

ENERGY  (eV) 

Fig. 3  presents  an  expanded  view  of  fig. 2  (35  eV)  which  enhances  the 

signal  corresponding  to  all  secondary  electrons  generated  at  energies 
below  35  eV.  As  observed,  the  magnitude  of  this  background  is  completely 
negligible  in  comparison  with  the  intensity  of  the  principal  peak. 
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Fig. 3  :  Expanded 
spectrum  of  electrons 
having  an  energy  of 
35  eV. 


ENERGY  (eV) 

When  operating  at  low  energy  (<  40  eV)  with  type  II  cathodes,  we  observe 
similar  curves  except  that  the  EDO’s  are  narrower  and  do  not  show  any 
shift.  At  higher  energy  it  is  necessary  to  use  the  second  spectrometer. 
Fig. 4  presents  a  spectrum  recorded  at  high  energy  (55  eV)  for  a  10  pA 
emission  current.  We  can  see  that  the  shape  is  totally  asymmetric  and 
that  no  shift  occurs  :  the  interface  resistance  is  so  small  that  no  shift 
is  detectable  at  this  emission  current.  If  we  neglect  the  spectrometer 
resolution,  we  can  easily  derive  upper  values  for  the  two  parameters  d 
and  kT  involved  in  the  formulation  of  the  theoretical  total  energy 
distribution  dJ/dE  (Young  1959,  Swanson  and  Crouser  1967,  Bell  and 

Swanson  1979).  This  equation  is  :  dJ  ^  exp(E-Er)/d _ 

dE  d( 1+exp  (E  -  EF)/kT) 

where  :  E  -  EF  is  the  electron  energy  relative  to  the  Fermi  level  EF  of 
the  tip  material, 

kT  is  the  temperature  of  the  emitting  tip  area, 
and  d  is  a  parameter  given  by  the  following  formula  : 

_  d(eV)  -  0.93  x  10'10  IEI  /G1'2  (eV). 

E  being  the  applied  electric  field  at  the  extremity  of  the  tip  and  §  the 
work  function  of  the  tip  material. 


Fig. 4  :  EDC  recorded  for  electrons 
having  an  energy  of  55  eV  (Inset  : 
log  (intensity)  versus  energy). 
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The  values  found  for  kT  and  d  are  kT  ~  0.030  eV  and  d  a*  0.3  eV.  The 
experimental  shape  is  interpreted  as  follows  :  at  around  EF .  the  decrease 
is  due  to  the  cut-off  (over  a  width  2  kT)  of  the  Fermi  distribution 
function  calculated  at  ambient  temperature  ;  below  the  curve  maximum,  the 
decrease  is  purely  exponential  (exp  (E  -  EF)/d).  It  reflects  the  gradual 
difficulty  encountered  by  the  electrons  whose  energies  are  more  and  more 
inferior  to  EF  and  then  cannot  tunnel  through  the  triangular  potential 
barrier  present  at  the  surface. 

For  this  type  of  cathode  the  total  width  AE,  which  normally  depends  on 
both  d  and  kT.  is  then  of  the  order  of  AE  (d,  kT  -  0°K) .  Its  value  (0.23 
eV)  is  lower  than  the  energy  spread  that  is  found  for  thermoionic 
cathodes  and  even  for  alkaly  oxides  cathodes.  Furthermore,  as  the  cut-off 
value  (Ef )  does  not  depend  on  the  temperature  (which  is  low),  these 
cathodes  can  be  used  for  the  calibration  of  electron  spectrometers  with 
an  incertitude  of  ±  50  meV. 

3.  CONCLUSION 

The  experimental  results  presented  in  this  paper  demonstrate  that  regar¬ 
ding  the  energy  spread  of  the  emitted  electron  beam  current,  highly 
performant  field  emission  cathodes  can  be  achieved.  Moreover  the  emission 
currents  are  more  stable  than  those  previously  observed.  These 
improvements  are  connected  with  better  quality  control  of  the  different 
steps  of  the  fabrication  process  and  better  cleaning  procedures  for  the 
tips. 

In  any  case  progress  in  these  directions  has  to  be  make  before  using 
such  cathodes  in  common  electron  guns. 
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Fluctuation  phenomena  in  field  emission  from  molybdenum  micropoints 


I.  Brodie 
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Abstract;  The  field  emission  of  electrons  from  untreated  molybdenum  tips  with  radii 
in  the  range  of  300A  -  1200A  appears  to  come  from  one  or  a  few  atomic  sites. 
Modulation  of  the  emission  from  these  sites  gives  rise  to  bursts  of  current  pulses 
quantitatively  similar  to  those  observed  in  p-n  junction  devices  of  germanium  and 
silicon. 


1,  Introduction 

Field  emission  tips  for  vacuum  microelectronic  devices  may  be  formed  by  a  variety 
of  techniques  (First  International  Conference  on  Vacuum  Microelectronics,  Williamsburg, 
Virginia,  USA,  1988)  including  etching  and  deposition  from  the  vapor  phase.  However, 
since  the  tip  radii  are  in  the  range  of  200A  to  500A  the  emitting  area  cannot  be 
unambiguously  defined  even  in  the  case  where  the  original  tip  material  is  a  single  crystal. 
This  is  because  irregularities  in  the  tip  forming  process  combined  with  strongly  adsorbed 
surface  impurity  molecules  prevent  a  simple  form  being  given  to  the  tip  surface.  In  the 
classical  Muller  technique  (Good  and  Muller,  1956)  a  single  crystal  is  formed  at  the  tip 
and  the  adsorbed  molecules  removed  from  the  surface  by  heating  it  to  very  high 
temperatures  (greater  than  2500  K).  Due  to  the  thermodynamics  of  crystal  growth 
however,  this  process  usually  leads  to  the  development  of  a  single  crystal  at  the  tip  with  a 
radius  between  2000A  and  10,000A,  even  if  the  original  tip  radius  was  much  smaller 
(Dyke  and  Dolan,  1956).  For  vacuum  microelectronic  devices  tip  radii  in  the  range  of  200 
to  500A  are  necessauy  in  order  to  obtain  field  emission  at  low  operating  voltages,  in  the 
10-100V  range.  This  means  that  the  field  emitting  tip  is  necessarily  imperfect  in  the 
classical  sense. 

2  The  Emitting,  Area 

The  area  from  which  field  emission  originates  can  be  estimated  from  the 
Fowler-Nordheim  theory  to  better  than  10%  accuracy  without  a  knowledge  of  die  work 
function  (assuming  it  to  be  in  a  range  of  3.4  eV  to  1 1.6  eV)  (Van  Oostrom,  1962)  This  is 
done  by  simply  measuring  I,  V,  and  dl/dV  at  various  points  along  the  current-voltage 
characteristic  (Spindt,  et  al.  1976). 

Table  I  shows  results  for  several  untreated  molybdenum  tips  with  radii  in  the  range 
of  300A  to  1200A.  It  will  be  seen  that  the  areas  correspond  to  one  or  few  atomic  sites  at 
each  tip.  There  is  obviously  some  question  as  to  whether  the  Fowler-Nordheim  theory  is 
valid  for  this  case,  however  the  linearity  of  the  Fowler  Nordheim  plots  combined  with  the 
nature  of  emission  micrographs  from  such  points  and  metal  whiskers  seems  to  corroborate 
the  hypothesis  that  the  emission  comes  from  single  atomic  sites  (Brodie,  1978). 
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Tabic  I 

Field  Emitting  Area  for  Different  Cathodes 
Estimated  from  Fowler-Nordheim  Plots 


Cathode  Type 

Tip  Radius 

Emitting  Area 

No.  of  Lattice  sites 

(Measured  on  SEM) 

(Square  A) 

(assuming  for  Mo,  1 
lattice  site  occupies 

13  A  squared) 

1.  Spindt  single 

300A 

13 

1 

tip 

2.  Spindt  Multiple 

300A 

13  per  tip 

1 

tips 

3.  Etched  Wire 

500A 

50 

4 

4.  Etched  Wire 

1200 A 

710 

27 

Burst  Noise 

If  the  current  at  a  fixed  voltage  is  measured  in  ultra-high  vacuum  (less  than  10"9 
torr),  as  a  function  of  time  for  these  small  tips  the  phenomenon  of  burst  (or  popcorn) 
noise  is  seen.  Burst  noise,  which  is  also  commonly  observed  in  semiconductor  devices 
(Wolf  and  Holler,  1967,  and  Hsu  et  al.  1970),  consists  of  sequences  of  bi-stable  current 
pulses  of  certain  specific  amplitudes  but  of  random  pulse  lengths  and  random  intervals 
between  pulses.  These  sequences  of  current  pulses  are  separated  by  quiescent  periods 
which  may  be  of  the  order  of  tens  to  hundreds  of  seconds.  The  burst  noise  sequences 
themselves  may  last  from  hours  to  milliseconds.  As  the  time  resolution  is  increased,  a 
given  burst  current  pulse  can  itself  be  seen  to  consist  of  pulses  of  similar  character,  with  a 
limiting  pulse  length  being  of  the  order  of  microseconds  for  field  emission  and 
milliseconds  for  semiconductor  devices. 

Figure  1(a)  shows  a  noise  burst  from  a  single  tip  Spindt  cathode  delivering  a  base 
emission  current  of  0.5  mA,  and  Figure  1(b)  shows  a  noise  burst  from  an  etched 
molybdenum  point  radius  ~  500A  delivering  a  base  emission  current  of  1.0  mA.  In  the 
first  case  the  pulse  height  is  10'°  A  and  in  the  second  case  2  x  10"°  A,  giving  the  same 
ratio  of  pulse  height  to  base  current  of  10‘2  (1%).  For  the  etched  molybdenum  tip  the 

current  pulse  height  AI  was  measured  as  a  function  of  the  base  emission  current  Ig  as 

shown  in  Fig.  2(c).  It  will  be  seen  that  AI  appears  to  saturate  at  a  value  of  2  -  3  x  10'8  A 
as  Ig  is  increased  above  lO^A.  This  behavior  is  remarkably  similar  to  that  occurring  in 
p-n  junction  devices  of  germanium  (Wolf  and  Holler,  1967)  (Fig.  2(a))  and  silicon  (Fig. 
2(b)). 


Note  that  pulse  height  saturation  results  occurs  in  all  three  cases  in  a  device  current 
range  from  10"®  to  10*'  A.  The  similarity  of  behavior  argues  for  a  closely  related 
mechanism  causing  the  burst  noise  in  both  the  solid  state  and  the  vacuum  devices. 

Noting  that  the  current  pulses  in  the  solid  state  devices  contained  only  about  108 
electrons,  Hsu,  Whittier  and  Mead  (1970)  argued  that  the  effect  was  due  to  modulation  of 
the  current  flow  by  the  change  in  occupancy  of  a  single  recombination-regeneration  center 
created  by  a  defect  in  the  p-n  junction.  In  field  emission  we  have  seen  current  pulses 
containing  as  few  as  10'  electrons  arguing  that  the  pulses  are  due  to  modulation  of  the 
emission  from  a  single  atomic  site.  Such  modulation  could  occur  due  to  changes  in  the 
work  function  or  electric  field  at  the  site  generated,  for  example,  by  changes  in  the 
vibrational  state  of  an  adsorbed  impurity  atom. 
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4  Discussion 

The  nature  of  the  emitting  sites  of  untreated  molybdenum  tips  used  in  vacuum 
microelectronics  with  radii  in  the  range  of  300A  -  lOOOA  remains  obscure.  However,  the 
evidence  points  to  the  emission  arising  from  one  or  a  few  atomic  sites.  Random  current 
fluctuations  of  remarkably  constant  amplitude  are  superimposed  on  the  emission  and  are 
apparently  due  to  modulation  of  the  work  function  or  field  at  the  emitting  site. 

The  amplitude  of  the  current  pulses  increases  with  increasing  total  emission  but 
saturates  at  about  2  x  10"°  A  when  the  total  emission  current  exceeds  about  10"°  A.  The 
reason  for  this  saturation  is  not  understood.  Current  pulses  may  be  as  short  as  a  few 
microseconds  and  contain  as  few  as  10°  electrons.  1116  burst  noise  behavior  of 
semiconducting  p-n  devices  is  quantitatively  similar  to  field  emission  burst  noise  in  all 
respects  except  that  of  the  limiting  pulse  length  which  is  1000  times  greater  than  that  for 
field  emission  and  thus  the  smallest  pulses  contain  10°  electrons  in  solid  state  devices 
rather  than  UP  as  observed  in  field  emission 

Acknowledgments 

The  author  wishes  to  acknowledge  the  contributions  made  to  this  study  by  C.A. 
Spindt,  L.  Humphrey,  E.R..  Westerberg  and  N.  Couch. 

References: 

Brodie,  1. 1978  Surface  Science  70,  pp  286-196 

Dyke,  W.P,  and  Dolan,  W.  W.,  1956,  Advances  in  Electronics  and  Electron 
Physics  8,  pp  90-182 

Good,  R.H.,  Jr.  and  Muller,  E.W.  1956  Handbuch  der  Physik  (Berlin,  Springer- 
Verlag)  pp  176-231 

Hsu,  S.T.,  Whittier,  R.J.  and  Mead,  C.A.,  1970  Solid  State  Electronics  13 
pp  1055-1071 

Spindt,  C.A.,  Brodie,  I.,  Humphrey,  L.  and  Westerberg,  E.R.  1976  /.  Appl. 

Phys.  47  pp  5248-5262 

Van  Oostrom,  A.  1962,  J.  Appl.  Phys.  33  pp  2917-2922 
Wolf,  D.  and  Holler,  E.  1967  J.  Appl.  Phys.  38  pp  189-192. 


Inst.  Phys.  Corrf.  Ser.  No  99:  Section  4 

Paper  presented  at  2nd  Int.  Conf.  on  Vac.  Microelectron.,  Bath,  1989 


95 


A  general  formula  to  calculate  the  field  intensity  on  the  field  emitter 


Luo  Enze.  Liu  Yunpeng  and  Huang  Wenhu 
Xidian  University,  Xian,  China 

ABSTRACT:  A  general  formula  of  field  intensity  with  respect  to  the  average  curvature 
of  equipotendal  surfaces  in  the  electrostatic  field  is  derived.  This  formula  when 
supplemented  by  data  measured  from  experiment  using  an  analogue  technique  can  be 
used  to  calculate  the  field  intensity  on  the  tip  of  field  emitter  with  any  configuration 
accurately. 

It  lacks  a  general  and  accurate  formula  to  calculate  the  field  intensity  at  a  point  on  the 
equipotential  surface  with  high  curvature  in  the  electrostatics.  Here  we  try  to  derive  such  a 
formula  and  apply  it  to  calculate  the  field  intensity  on  the  tip  of  the  field  emitter. 

1 .  Derivation  of  the  formula 

The  derivation  of  such  a  formula  was  given  in  previous  papers  [1]  and  [2].  Here  we  give  a 
simpler  derivation. 

It  is  known  that  the  Laplace  equation  can  be  written  as 

dEldn  +  2kE  =  0  (1) 

where  E  is  the  field  intensity  at  a  point  in  the  field  and  the  differentiation  dEldn  is  with  respect 
to  the  outward  normal  of  the  equipotential  surface  with  average  curvature  k  at  that  point.  (1) 
was  established  by  George  Green  in  1828  [3J.  As  it  is  one  of  the  more  important  equations 
in  electrostatics,  we  will  henceforth  refer  to  it  as  Green's  equation.  We  can  express  it  as 

dEIE  +  2k(n)dn  =  0  (2) 

or  dE  -  2k(V)dV  =  0  (3) 

Integrate  (2)  and  (3)  along  the  force  line  from  a  point  with  field  intensity  Eo  to  a  point  with 
field  intensity  E.  where  the  path  increment  is  An  and  the  potential  increment  is  AV.  Hence 
we  have 

E  =  E0exp[-£  2k(n)dnJ  *  * 


E  =  E0  + j'V2k(V)dV 
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Substituting  (4)  into  (5).  We  get 


E.  = 


r&v 

J  2 k(V)dV 


let 


If"  i  r * 

k  "  A vl  *  -  Si 


k(n)dn 


(6) 


(7) 


be  the  main  value  of  the  function  k(Vj  from  0  to  AV  and  that  of  the  function  k(n)  from  0  to 
An  respectively,  then  (6)  can  be  written  as 


E  =  ggAV 

exp(-2jfcAn)  - 1 

(6)  or  (8)  is  the  general  formula  which  we  want  to  find. 


(8) 


2.  Application  of  the  formula 

The  general  formula  (6)  or  (8)  when  supplemented  by  data  measured  from  experiment  using 
an  analogue  technique  can  be  used  to  calculate  the  field  intensity  at  any  point  in  the  field 
accurately. 

The  fabrication  of  a  field  emission  cathode  is  a  very  interesting  problem  in  modem  electronics 
technology.  In  order  to  make  the  surface  of  the  conductor  produce  a  field  electron  emission, 
the  field  intensity  on  the  surface  of  the  conductor  must  be  over  107V  cm'1.  According  to 
formula  (6)  or  (8)  we  know  that  in  order  to  attain  such  high  intensities,  the  potential  difference 
AV  between  the  electrodes  should  be  enhanced.  However,  in  order  to  enhance  the  stability 
of  emission  and  the  life  of  the  cathode,  the  lower  the  AV  the  better.  For  the  sake  of  getting 
high  intensity  at  a  lower  potential  difference,  we  must  fabricate  the  tip  of  the  cathode  to  a 
high  curvature  (i.e.,  increase  k)  and  fabricate  the  gate  electrode  as  near  to  the  tip  as  possible 
(i.e.  decrease  An).  We  can  fabricate  such  low  potential  difference  field  emission  cathodes 
by  thin  film  technology  (now  known  as  the  Spindt  device).  However,  to  calculate  the  field 
intensity  on  the  tip  and  in  the  field  is  a  very  complex  electrostatic  boundary  value  problem. 
By  applying  the  general  formula  (6)  or  (8)  to  solve  this  problem,  however,  we  can  get  the 
result  in  an  easy  way. 

One  of  the  emission  cones  of  the  thin  film  field  emission  cathode  array  is  shown  in  figure  4. 
The  curvature  radius  of  the  tip  is  r=540A,  the  height  of  the  cone  is  1.53pm,  the  diameter  of 
the  base  of  the  cone  is  1.2pm,  the  diameter  of  the  aperture  on  the  gate  electrode  is  1.5pm, 
and  the  distance  between  gate  electrode  and  base  is  1.5pm. 

The  field  intensity  at  the  tip  of  the  cone  can  be  calculated  by  considering  a  three-dimensional 
revolving  symmetric  field.  At  the  top  of  the  cone,  k=k,=kr  A  deep  water  trough  method  is 
used  to  find  the  field  distribution.  The  size  of  the  model  electrodes  is  on  a  scale  of  35,000: 1 
to  the  actual  electrodes  (the  size  of  figure  1  is  the  same  as  the  model).  Apply  a  voltage  between 
two  electrodes  and  draw  the  distribution  map  of  the  equipotential  surfaces  between  the 
electrodes. 
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Through  the  top  of  the  cone,  draw  an  electric  displacement  line  orthogonal  to  the  equipotential 
surfaces.  Suppose  we  take  a  path  difference  from  the  top  of  the  cone  along  the  displacement 
line  An=llmm  (according  to  the  scale  of  the  model).  Measure  the  curvature  radius  of  the 
equipotential  surface  along  the  electric  displacement  line  at  the  following  points. 

At  point  o,  where  r=  1.9mm,  k=370m'1,  n=0,  V=0 
At  point  a,  where  r=4.9mm,  k=143m'\  n=2.1mm,  V=6V 
At  point  b,  where  r=9.2mm,  k=77.0m'1,  n=5.7mm,  V=9.8V 
At  point  m,  where  r=  13.3mm,  k=53.0m'1,  n= 11.3mm,  V=12V 


Figure  1 :  The  model  of  geometric  construction  of  the  thin  film  field  emission  cathode 
(35,000:1  scale).  Figure  2  (below)  shows  these  data  used  to  produce  k-n  and  k-V  curves. 
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Figure  2.  (a)  The  k-n  curve  and  (b)  the  k-V  curve  for  example  1. 
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The  mean  value  of  it  for  the  k-n  curve,  k,  can  be  calculated  by  the  k-n  curve  using  formula 
(7):- 


The  mean  value  of  k  for  the  k- V  curve,  £,  can  be  calculated  from  the  k- V  curve:- 


*  = 


1880 

12.0 


=  156.6m"'. 


Thus  the  geometric  factor  at  the  top  of  the  cone  is 
p._  g  .  313.2 
exp(-2k  An )  - 1  0.678 


= -462m 


As  the  actual  size  of  the  model  is  magnified  35,000  times,  the  geometric  factor,  fS,  of  the 
actual  cathode  is  35000  times  the  geometric  factor,  fi\  of  the  model,  ie. 

P  =  350000’  =  -1.62  x  10 V. 


If  the  voltage  between  the  gate  electrode  and  cathode  is  200V,  then  the  field  intensity  at  the 
top  of  the  cone  is 

E0  =*  0AV  =  -1 .62  x  10^200  x  jvm"’  =  -2.59  x  107Vcnf '. 


The  negative  sign  indicates  that  the  direction  of  E  points  to  the  top. 

In  principle,  formulae  (6)  or  (8)  are  exact  solutions  of  Laplace’s  equation.  The  inaccuracies 
in  this  method  arise  from  the  technique  of  deducing  the  field  plot  and  measuring  the  curvature 
of  equipotential  surfaces. 


3.  Comparison  with  the  boundary  element  numerical  method 

Let  us  applying  the  boundary  element  numerical  method  to  calculate  the  field  intensity  on 
the  tip  of  the  field  emitter  and  compare  with  the  result  which  we  got  by  the  general  formula 
(8).  Figure  (3)  shows  the  boundary  of  a  Spindt  device. 

v;  gate  rede 


R,  =  0.054  R,  =  0.6  Ri  *  0.75  R,  =  6.25  (pun) 

Hc=  1.53  Ht  =  1.5  H2  =  1.9  H3  =  15.9  ptm) 

V#  =  0  V,  =  200  V2  =  209  (V) 

Figure  3.  The  boundary  of  a  Spindt  device' 
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The  boundary  element  equation  corresponding  to  the  Laplace  equation  of  a  revolving 
symmetric  field  is 

C,V,.  =  .f WM-Gad,) 

where  ij  are  the  order  numbers  and  N  is  the  total  number  of  boundary  elements.  Vj  is  the 
potential  of  j  th  element,  qj  =  dVfin  is  with  respect  to  the  outward  normal  of  the  boundary. 

The  formulas  of  the  matrix  elements  Gij  and  Hij  are: 


Gy 

■  II™'- 

/?2  +  B  +  S 1 

f*  Rn 

>A2-Br,  (PA2-Brl)  +  S(PB-ri) 

"  J.  R'-B1 

R\  Ri 

where 

R, 

1 

=  [r,2  +  ri2-2r1rIcos<^  +  (Z1-Zi)V 

R> 

=  t''22  +  r2-2r2ricos0  +  (Z2-Zi)f 

R. 

=  (2(rl-ricos(0)-P(Z1-Zi) 

B 

=  A’(r1-ricos<M-<2(Z1-Zf) 

P 

n 

i 

V 

Oj 

,  Q=(Zj-z,ys, 

where  5  is  the  length  of  j  th  element;  (r,,  Z,)  and  (r2,  Zj)  are  die  coordinates  of  the  terminal 
points,  and  {r„  ZJ  is  the  coordinate  of  i  th  boundary  element. 

The  field  intensity  on  the  tip  of  this  field  emitter  which  we  calculated  by  boundary  element 
numerical  method  is: 

E  *  258  x  I(f  Vcm1 

It  coincide  with  the  result  calculated  by  our  general  formula  (8). 

It  is  remarked  that  the  numerical  method  can  only  be  used  to  calculate  specific  problems  with 
specific  calculation.  But  this  is  not  true  for  calculation  by  the  general  formula  (8)  which  can 
often  provide  physical  understanding  and  be  used  for  technical  design. 
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Low-field  ‘cold-cathode’  electron  emission  from  Cu  electrodes  overlayed 
by  a  res,in-particle  composite 

S.  Bajic  and  R.  V.  Latham 

Department  of  Electronic  Engineering  and  Applied  Physics 
Aston  University,  Birmingham,  B4  7ET,  UK. 


Abstract  An  optical  imaging  technique  has  been  used  to  characterize  the  emission  capabilities 
of  resin-particle  composite  cathodes  fabricated  from  a  range  of  materials.  These  cold-cathodes 
have  been  shown  to  exhibit  a  high-current  characteristic,  and  offer  some  potential  for  use  in 
both  extended-area  and  array-cathode  applications. 

1.  Introduction 

From  detailed  studies  of  the  physical  origin  of  the  prebreakdown  currents  that  flow  between 
vacuum-insulated,  high-voltage  electrodes  (Latham  1981),  it  has  been  established  that  the 
presence  of  "naturally  occuring"  micron-sized  surface  particles  can  promote  a  highly  localised 
cold-cathode  electron  emission  mechanism  in  the  field  range  15-20MVm'1.  Subsequently,  it 
was  demonstrated  that  a  similar  process  can  be  stimulated  at  even  lower  fields  (lO-lSMVm1) 
by  "artificially  introduced"  particles,  notably  graphite  (Xu  and  Latham  1986),  or  alternatively, 
by  coating  a  metallic  cathode  with  a  thin  layer  of  dielectric  material  (Cade  et  al  1988,  Bajic 
1989).  More  recently,  we  reported  on  a  hybrid  emission  regime  in  which  a  planar  copper 
cathode  was  coated  with  a  dielectric  epoxy  resin  medium  that  was  "loaded"  with  a  suspension 
of  graphite  particles  (Bajic  and  Latham  1988).  Tliis  latter  system  proved  to  be  particularly 
interesting,  since  it  yielded  a  dense  population  of  copiously  emitting  sites  at  fields  as  low  as  5- 
lOMVm-1. 

The  present  paper  reports  on  a  further  study  of  the  composite-coated  cathodes,  composed  of  a 
range  of  particle  sizes  and  species.  As  will  be  discussed,  these  findings  are  of  considerable 
significance  to  the  development  of  new  types  of  broad-area  and  point-array  cold-cathodes. 

2.  Experimental  System 

The  present  UHV  cold-cathode  testing  facility  consists  of  a  plane-parallel  electrode  geometry 
with  a  variable  gap  spacing,  d,  and  incorporates  a  SnC>2  -coated  transparent-anode  for  imaging 
the  spatial  distribution  of  the  electron  emission  sites.  In  operation,  emitted  electrons  are 
accelerated  across  the  gap  to  impinge  on  the  transparent-anode  with  energies  of  typically 
£2keV.  Under  these  conditions,  "anode  spots"  are  formed,  which,  in  turn,  effectively  mark  the 
position  and  intensity  etc  of  the  sites.  Video  or  photographic  techniques  can  then  be  used  to 
obtain  a  permanent  record  of  the  site  populations  over  an  extended  test  period.  Full  details  of 
the  construction  and  operational  characteristics  of  this  system  can  be  found  elsewhere  (Bajic 
and  Latham  1988). 


3.  Experimental  Findings 

The  total  I-V  characteristics  and  site  distribution  images  of  the  composite-coated  cathodes  were 
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Particle  size  (pm) 

Rgl:  The  panicle  size  distribution  for  the 
seven  composite  cathode  types. 


Table  1:  Typical  emission  data  for  the  seven 
composite  cathode  types 


obtained  at  a  base  pressure  of  ~10'8mbar  and  an  interelectrode  gap  spacing  of  0.5mm.  The 
cathodes  were  fabricated  by  a  spinning  process  (Bajic  and  Latham  1988),  in  which  14mm- 
diameter  Cu-cathodes  arc  coated  with  a  composite  overlayer  consisting  of  conducting  or 
semiconducting  particles  encapsulated  in  an  epoxylite  resin  medium.  To  illustrate  the  type  of 
coatings  used  in  this  study.  Figure  1  shows  both  an  optical  micrograph  taken  at  normal 
incidence  to  the  surface  of  a  Si-composite  cathode  and  the  particle  size  distributions  for  the 
seven  cathode  types. 


In  order  to  illustrate  the  switch-on  process  for  these  cathodes,  Figures  2(a)  and  3  show 
respectively  the  initial  I-V  behaviour  and  evolution  of  emission  sites  on  a  virgin  C-composite 
emitter  as  the  gap  field  is  increased.  Table  1  compares  the  typical  values  of  the  switch-on  gap 
field  (Ejw)  obtained  from  measurements  on  the  seven  composite-cathode  types.  This  shows 


that  all  the  cathodes  exhibit  a  low-field  switch-on  characteristic,  although  a  considerable 
difference  is  observed  between  the  respective  values  of  Esw  for  the  C  and  S-composite 


Gap  field  (MVm'1)  Gap  field  IMVrrf1) 

Fig  2:  Tvpical  (a)  switch-on  (b)  I-V  and  (c)  Fowler  -  Nondheim  characteristics  of  a 
C-composite  cathode. 


Figure  2(b)  shows  the  effect  of  the  initial  field  cycling  following  the  switch-on  process,  and 
clearly  demonstrates  that  the  cathode  emissivity  progressively  increases  for  increasing-field 
half-cycles,  until  a  reversible  I-V  characteristic  (dotted  line)  is  obtained  after  typically  2  or  3 
cycles;  here,  the  C-composite  cathode  is  capable  of  delivering  a  current  of  ~lmA  at  fields  as 
low  as  lOMVnr1.  The  high  emissivity  of  the  C-composite  cathode  is  further  illustrated  by  the 
linear  Fowler-Nordheim  (F-N)  characteristic  shown  in  Figure  2(c),  which  yields  a 
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characteristic  field-enhancement,  or  P-factor,  of  -2600.  The  emission  current  data  and  P- 
factors  of  the  seven  composite  cathode  types  are  given  in  Table  1,  and  illustrate  the 
considerable  difference  between  the  highly  emissive  C-  and  M0S2-  composites  and  the  lower 
emission  levels  obtained  from  the  Fe-composites. 

The  site  distribution  images,  shown  for  example  in  Figure  3,  can  be  used  to  compare  the 
average  site  currents,  is,  for  each  cathode  type.  Thus,  Table  1  collates  the  values  of  is,  and  also 
the  switch-on  probability  of  sites,  Psw>  which  is  defined  as  the  percentage  of  the  total  number 
of  particles  that  are  found  to  emit  for  gap  fields  of  ^OMVm'1.  It  will  be  seen  that  the  C-  and 
MoS2-composites  convincingly  give  rise  to  the  highest  values  of  is  and  Psw,  e.g.  14pA  and 
22.3%  respectively. 


Eg=5MVm*1  E,-7MVm-l  B,«9MVi»-l 


Fig  3:  The  evolution  of  emission  sites  on  a  virgin  C-composite  cathode.  Fig  4:  The  emission  site  image  resulting 

from  a  "dense"  composite  coating. 

The  transparent-anode  imaging  facility  has  also  been  used  to  evaluate  the  performance  of  two 
modified  prototype  cathodes  based  on  the  same  composite  sub-structure  (Bajic  1989).  Thus, 
referring  to  Figure  4,  it  is  evident  that  high  site  densities  of  nsS130cm'2  can  be  obtained  using 
"heavily  loaded"  composite  coatings,  although  it  is  generally  difficult  to  increase  ns  further  due 
to  limitations  in  the  spinning  process.  Figure  5  shows  a  time  sequence  of  constant-field  site 
images  obtained  during  a  5  minute  video  recording  of  a  3  x  3  SiC-composite  array  cathode 
produced  from  400pm- sized  particles.  Although  these  images  illustrate  the  inherent  site 
instability  associated  with  the  composite  emitters  (Bajic  1989),  it  is  clear  that  the  location  of 
individual  sites  can  be  controlled  to  a  considerable  degree  using  this  fabrication  process. 

4.  Discussion 

As  discussed  elsewhere  (Bajic  and  Latham  1988),  it  is  presently  believed  that  field-induced 
electron  emission  (FIEE)  from  the  composite-coated  cathodes  is  associated  with  an  MIMTV 
microregime  (shown  schematically  in  Figure  6),  and  involves  a  two-stage  switch-on  process  in 
which  "conducting"  channels  are  "formed"  within  the  thin  dielectric  regions  above  and  below 
the  encapsulated  particle.  The  dielectric  switching  processes  in  regions  1  and  2  will  depend  cm 
the  field  enhancement  factors  (P)  in  these  regions,  i.e.  (Jj-h/d  and  P2~^r  respectively.  The 
factor  P,.  which  represents  the  "antenna",  or  field-probing  effect  (Athwal  et  al  1985)  of  an 
isolated  conducting  particle,  suggests  that  the  larger  particles  would  undergo  a  primary  switch- 
on  in  region  l  for  relatively  low  fields,  i.e.  indicating  that  a  size  effect  may  exist  Refering  to 
the  Ej*,  Psw  and  size  distribution  data  of  Table  1  and  Figure  1(b),  it  will  be  seen  that  there  is 
indeed  evidence  to  suggest  a  size  effect,  i.e.  where  the  large-particle  composites  (e.g.  M0S2) 
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exhibit  low  and  high  Pm  values,  an dvice  versa.  However,  although  a  particle  size  effect 
may  influence  the  general  emissivity  of  these  cathodes  (collumn  2  in  Table  1),  it  is  important  to 
note  that  this  cannot  account  for  the  anomolously  high  levels  of  emission  obtained  from  the  C- 
composites. 


Fig  5:  Constant  -  yield  emission  image 

from  a  3x3  composite  array  cathode 
Eg=10Mvm-l- 


Fig  6:  A  schematic  of  FEE  from  an 
MIMIV  microregime. 


From  a  technological  viewpoint,  it  is  clear  that  the  present  cathodes  exhibit  exciting  emission 
characteristics,  with  the  possibility  of  broad-area  current  densities  of  SO.lAcnr2  being 
achieved  by  optimising  the  choice  of  materials  and  using  a  modified  fabrication  process  which 
increases  the  particle  density  of  the  coatings  (Bajic  1989).  At  this  stage,  however,  it  appears 
that  the  inherent  instability  of  the  individual  sites  (Figure  5)  would  limit  the  use  of  these 
emitters  in  array  cathode  applications. 
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Construction  and  performance  of  field  emitting  cathodes 
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ABSTRACT:  Field  emitting  structures  have  been  fabricated  using  both 
wet  and  dry  etching  techniques,  with  final  tip  radii  below  300  A.  The 
materials  have  included  n-type  silicon,  by  itself  or  coated  with  metal, 
and  all-metal  tips.  Emission  characteristics  have  been  measured.  A  new 
experimental  apparatus  is  described,  with  the  versatility  not  only  to 
perform  electrical  characterisation  under  UHV,  but  also  to  treat  the 
surfaces  of  the  device  structures  by  heating  or  atom  bombardment,  and 
apply  surface  analysis  techniques.  Issues  affecting  exploitation  of 
the  technology  are  discussed. 


1 .  INTRODUCTION 

Field  emitting  cathodes  fabricated  by  silicon  microlithography  and  related 
techniques  are  becoming  a  competitive  means  for  delivering  electrons  into 
a  vacuum,  and  could  form  the  basis  of  a  future  environmentally  robust 
electronics  technology,  with  applications  in  microwave  devices  and 
displays,  for  example.  The  successful  application  of  vacuum 

microelectronics  devices  requires  a  number  of  related  development  stages 
to  be  fully  researched  and  understood,  and  choices  made  so  as  to  optimise 
performance.  Firstly,  processing  the  geometrical  structures  required  must 
be  perfected  in  the  chosen  materials:  this  is  discussed  in  the  first  part 
of  this  paper.  Secondly,  controlling  and  understanding  the  vitally 
important  physical  processes  at  the  emitting  surface  must  be  carried  out 
with  suitable  apparatus  and  techniques.  This  is  described,  together  with 
representative  results.  Thirdly,  data  relevant  to  practical  aspects  of 

real  devices  such  as  noise,  lifetime,  priming,  and  packing  needs,  must  be 
collected  and  analysed. 

2.  PROCESSING 

The  silicon  tips  are  produced  by  standard  micro! ithographic  techniques, 
using  mask  dots  of  2  pm  x  2  pm.  Wet  etching  produces  pyramids,  and  has  the 
disadvantage  that  the  etching  time  is  critical,  so  that  over-etching 
results  in  a  rounding  effect.  A  dry  plasma  etch  process  has  also  been 

developed.  This  enables  tip  with  radii  of  less  than  300  A  to  be  obtained 

(Figure  1).  In  this  case,  over-etching  merely  reduces  the  height  of  the 
tip. 

Although  some  experimental  work  has  been  done  on  arrays  of  bare  silicon 
tips,  most  work  has  Involved  diode  structures.  These  were  formed  by 
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deposition  of  phosphosil icate  glass 
(PSG)  on  the  tips,  followed  by  a 
sacrifical  etch-back  process  to 
planarise  this  layer.  Carefully 
controlled  wet  etching  is  then  used  to 
uncover  the  tips  by  3000  A,  following 
which  a  layer  of  grid  metal  is  deposited 
and  the  grid  structure  defined 
lithographically.  The  metal  grid  is 
then  used  as  the  etch  mask  for  creating 
cavities  around  each  tip  by  further  wet 
etching.  The  final  emitting  tip  and 
grid  structure  is  shown  in  Figure  2.  As 
these  micron  valve  structures  are,  in 
contrast  to  ordinary  silicon  devices, 
unpassivated,  it  is  often  necessary  to 
protect  them  with  photoresist  during 
wafer  cutting  operations. 

The  alternative  of  all-metal  emitters, 
formed  by  sputtering  on  to  a  silicon 
wafer,  has  also  met  with  success. 
Niobium  and  molybdenum  emitters,  shaped 
by  reactive  ion  etching,  have  been 
obtained  in  this  way  (Figure  3)  and  they 
have  been  incorporated  into  diode 
structures.  Gold  emitting  tips  have  also 
been  fabricated  and  shaped  by  ion  beam 
milling.  The  relationship  between 
observed  etch  rates  and  tip  shape  have 
been  discussed  by  Jacobson  (1989). 

Further  optimisation  and  development  Is 
in  progress,  for  the  testing  and 
operation  of  devices  at  higher 
temperatures  by  using  molybdenum  Instead 
of  aluminium  as  a  metallisation  layer. 
The  progress  of  processing  development 
has  been  such  that  silicon  tips  can  be 
produced  routinely  and  research  on 
surface  treatments  to  enhance  emission 
are  being  pursued  without  processing 
variations  entering  into  the 
experiments. 


Fig  1:  Array  of  dry  etched 
silicon  tips 


Fig  2:  Final  gridded  structure 


Fig  3:  Niobium  tips  and 
molybdenum  grid 


3.  MICRON  VALVE  CHARACTERISATION  EQUIPMENT 

A  new  UHV  chamber,  adapted  from  a  standard  surface  analysis  system, 
has  been  commissioned  for  all  aspects  of  research  and  testing  on 
micron  valve  structures.  The  micron  valve  specimen  is  mounted 
horizontally  on  a  five  axis  manipulator  arm  modified  to  incorporate  a 
number  of  electrical  feedthroughs.  The  temperature  of  the  specimen 
stage  can  be  controlled  and  varied  between  -100*C  and  900'C.  The  UHV 
system  incorporates  a  cold  trapped  diffusion  pump  and  titanium 
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sublimation  pump  capable  of  achieving  chamber  better  than  6x10'^  mbar. 
In  all  experiments,  pressures  better  than  5x10"®  mbar  were  used.  The 
structure  under  investigation  can  be  observed  using  an  electron  gun  and 
scintillator/photomultiplier,  forming  a  scanning  electron  microscope 
with  2000  A  resolution.  An  electron  spectrometer  is  used  for  Auger 
analysis  of  surface  layers  under  electron  beam  irradiation,  and  thus 
can  determine  the  condition  of  specimen  surfaces  before  and  after 
treatment.  The  spectrometer  has  also  been  used  to  examine  spatial  and 
energy  distribution  of  field  emitted  electrons  (Howell  et  al  1989). 
Residual  gas  analysis  is  provided  by  a  quadrupole  mass  spectrometer. 
This  is  also  used  for  detecting  atoms  emitted  from  specimens  during 
outgassing  and  during  atom  bombardment.  The  atom  or  ion  bombardment, 
using  argon  or  other  inert  gases,  is  carried  out  to  remove  surface 
layers  from  emitting  structures  and  so  expose  fresh  surfaces  for 
exploration  of  the  ideal  characteristics  of  field  emitting  materials. 
An  example  of  Auger  data  before  and  after  fast  atom  bombardment  is 
given  in  Figure  4,  showing  removal  of  organic  contamination  from  the 
titanium  layer  but  suggesting  that  oxygen  was  present  throughout  the 
layer. 


A  fine  needle  probe  has  been  installed 
in  the  UHV  system  on  its  own 
manipulator  so  that  it  can  be 
positioned  over  an  individual  emitting 
tip  in  an  array.  The  probe  can  be 
replaced  with  a  flat  plate  which  acts 
as  an  electron  collector  or  simple 
retarding  plate  energy  analyser  for 
gridded  samples. 

4.  RESULTS  AND  DISCUSSION 

The  goal  of  Increased  field  emission 
at  lower  applied  voltage  is  being 
pursued  by  the  processing  already 
described,  and  by  subsequent  treatment 
of  the  field  emitting  structures,  with 
a  basic  assessment  by  I-V  and 
Fowler-Nordheim  plots.  Differences  in 
observed  emission  behaviour  can  be 
related  to  a  combination  of  tip 
radius,  grid  metal  geometry  and  work 
function  of  the  emitting  areas. 

Figure  5  shows  a  diode  characteristic 
for  a  gridded  40  tip  silicon  array, 
demonstrating  very  low  (<1  nA)  reverse 
leakage.  Figure  6  shows  two  IV  plots, 
one  for  titanium  covered  silicon  and 
the  other  for  gold,  which  indicate 
quite  different  properties.  The 
currents  have  arisen  from  arrays  of 
different  sizes,  and  have  been 
normalised.  The  anode,  used  both  to 
impose  the  field  on  the  ungrldded  tip 
arrays  and  to  collect  the  current,  was 


1250  Auger  electron  energy,  eV  0 


Fig  4:  Auger  data  before  and 
after  fast  atom  bombardment  of 
titanium  coated  silicon  surface, 
showing  removal  of  surface 
contaminant. 


Fig  5:  IV  characteristic  for 
gridded  40  tip  silicon  array 
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fixed  at  10  irn  away  in  each  case. 
Another  example  of  results,  this  time 
from  one  single  tip  in  an  array  of 
dry-etched  n-type  silicon  tips,  with 
field  imposed  and  current  taken  by  the 
probe,  is  shown  in  Figure  7.  Here  the 
Fowler  Nordheim  plots  cover  four 
orders  of  magnitude  of  emission,  and 
clearly  show  a  difference  due  to  work 
function  alteration,  as  a  result  of 
heat  treatment,  in  this  case  at  250*C 
for  three  hours.  A  single  tip  has  so 
far  produced  1  /iA  without  damage,  a 
considerable  improvement  on  previous 
results  (Lee  et  al  1989). 

At  the  current  state  of  development, 
the  remaining  pure  research  needed 
in  this  technology  centres  on 
understanding  the  nature  of  the  field 
emission  and  its  dependence  on  surface 
conditions,  and  on  finding  surface 
treatments  that  both  enhance  emission 
and  stabilise  it,  both  in  the  short 
term  (noise  reduction)  and  in  the  long 
term  (lifetime).  The  further 
development  needs  are  the 
investigation  of  array  phenomena, 
since  arrays  of  various  sizes  are 
bound  to  be  used.  Scaling  of  the 
emission  with  array  size,  current 
sharing  between  emission  tips,  and 
field  limiting  of  very  closely  spaced 
arrays  will  have  to  be  addressed.  The 
measurements  reported  here  have  not 
involved  spatial  resolution  of  the 
emission.  However  emission  uniformity 
can  be  improved  by  suitable  priming 
(Harvey  et  al  1989). 
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Fig  6:  Comparison  of  IV 
characteristics  for  titanium 
coated  silicon  and  gold  arrays. 
The  gold  results  have  been 
normalised. 


Fig  7:  Effect  of  heat  treatment 
on  emission  characteristics  of  a 
single  silicon  tip  (a)  before 
and  (b)  after  treatment. 


Finally,  we  have  the  problem  of  a  practical  packaging.  Although,  as  in  the 
present  case,  research  is  carried  out  under  UHV  conditions,  this  is 
essentially  impractical  in  packages  of  commercially  useful  dimension,  and 
the  characteristics  of  emitting  tips  in  pressures  of  10"°  mbar,  possibly 
with  a  selected  gas  forming  most  of  the  residual  atmosphere  inside  the 
package,  will  have  to  be  studied. 
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ABSTRACT:  The  modelling  of  micron  scale  field  emission  devices  is 
complicated  by  the  wide  range  of  length  scales  involved.  A 
substantially  analytic  method  has  been  developed  which  allows  field 
emission  devices  to  be  modelled  accurately,  allowing  the  effects  of 
changes  in  geometry  to  be  determined.  The  method  involves  the 
integration  of  Poisson's  Equation  for  carefully  chosen  forms  of 
pseudo-charge  distribution.  Results  are  presented  for  simple  triode 
devices. 


1.  INTRODUCTION 

Because  of  the  high  fields  close  to  the  surface  of  a  field  emitter, 
electrons  are  rapidly  accelerated  away  from  the  cathode  surface.  Thus  the 
space-charge  effects,  characteristic  of  thermionic  cathodes  are  greatly 
reduced.  It  is  therefore  a  reasonable  approximation  to  model  the  emission 
characteristics  of  a  field  emitter  in  terms  of  single  particle 
trajectories  in  the  static  electric  field  obtained  as  a  solution  of 
Laplaces  equation  for  the  emitter  geometry.  Both  analytic  and  numerical 
approaches  have  previously  been  used  (see  Gipson  et  al  (1979)  and 
references  therein).  However,  it  has  been  generally  recognised  that  the 
sensitivity  of  the  electrostatic  fields  to  geometric  details  makes 
analytic  methods  at  best  only  an  indication  of  trends  while  the  use  of 
numerical  techniques  is  complicated  by  length  scales  ranging  from  the  few 
hundred  A  tip  radius  to  the  several  micron  electrode  spacings  of  the  field 
emission  triode  (Spindt  et  al  1976). 

In  this  paper  we  consider  an  Intermediate  approach  in  which  the  electric 
fields  In  gridded  sharp  tip  structures  are  modelled  by  a  near  analytic 
method  while  retaining  a  realistic  geometry.  This  method  is  based  on 
replacing  the  boundary  conditions  of  the  metal  emitter  and  grid  surfaces 
by  a  charge  distribution  within  their  surfaces.  A  similar  method  has 
previously  been  used  by  Tagawa  et  al  (1987)  for  fields  at  a  thermonic 
emitter  surface. 

2.  THE  METHOD 

The  basic  problem  of  obtaining  electrostatic  fields  and  potentials  is  that 
of  finding  the  inverse  of  the  Laplacian  operator  having  the  boundary 
conditions  appropriate  to  the  electrode  geometry.  In  conventional 
numerical  methods  this  is  done  by  dlscretlsing  the  Laplacian  on  some 
finite  element  mesh  and  inverting  the  resulting  Laplacian  matrix.  This 
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approach  does  not  easily  yield  accurate  solutions  for  field  emitter 
structures.  For  these,  very  fine,  non  uniform  meshes  are  essential  for 
accurate  evaluation  of  the  fields  at  the  sharp  emitters. 

Rather  than  obtain  such  an  Inverse  we  take  the  inverse  embodied  in 
Coulomb's  law  and  evaluate  the  field  resulting  from  a  given  charge 
distribution  within  the  actual  electrode  surfaces.  This  distribution  is 
chosen  to  provide  the  correct  long  distance  behaviour  and  is  defined  by  a 
few  parameters  allowing  fine  tuning  of  the  potential  contours  in  the  tip 
region.  Given  such  a  distribution,  each  electrode  surface  is  chosen  as  one 
of  the  resulting  equlpotential  contours. 

In  the  case  of  an  isolated,  cylindrically  symmetric  tip  on  a  flat  metal 
electrode,  an  analytic  solution  for  its  potential  contours  may  be  obtained 
using  a  line  charge  density  X(h)-X0F0h  for  |h|<d  at  r-0,  where  F0  is  the 
external  field  applied  by  a  distant  electrode.  With  this  charge  density 
and  applied  field,  the  potential  is  given  by 

V(h,  r)/F0  -  h+\,{l(d-h)2  +  r2]''2~[{d  +  h)2  +  rzl'/2} 

+  X„/i  In{([(d-/i)2+r2]1/2+d-h)  /  ([(d  +  h)2  +  r2]1'2  -  d  -  h)>  (1) 


with  the  corresponding  electric  field  obtained  by  differentiation.  By 
choosing  a  potential  contour  close  to  V-0  as  the  contour  of  the  sharp  tip, 
a  tip  shape  of  arbitrary  small  tip  radius  may  be  obtained.  The  parameters 
d  giving  the  tip  height  and  X0  giving  the  tip  width  allow  a  range  of  tip 
shapes  to  be  modelled.  Because  of  the  analytic  form  of  Eqn.  1 
correspondingly  analytic  expressions  for  field  properties  may  be  obtained. 
For  example,  the  field  at  the  tip  is  F/F0-2X0d3R(h2-d2)'2  =  2X0R/d  where  R 
is  the  tip  radius  and  the  vertical  coordinate  at  the  tip  is  h  *  d+%R.  For 
small  tip  radius  d  is  approximately  the  tip  height. 

Although  such  isolated  tips  have  been  the  subject  of  many  calculations 
(Gipson  et  al  1979),  gridded  tips  have  not.  The  method  is  easily 
generalised  to  them  by  including  an  axially  symmetric  charge  distribution 
mimiclng  the  fields  of  the  close  grid.  This  charge  distribution  is  based 
on  the  sum  of  the  surface  charge  densities  induced  by  the  distance  anode 
field  Fv  above  the  grid  and  the  grid-cathode  field  F0  far  from  the  tip, 
augmented  by  a  dipole  distribution  corresponding  to  the  finite  separation 
of  these  surface  charges  across  the  thickness  of  the  grid.  The  full 
pseudo-charge  distribution  is  then  obtained  by  removing  this  charge  from 
the  grid  hole  region  and  redistributing  it  partly  as  an  image  below  the 
cathode  and  partly  on  the  edges  of  the  grid  hole.  The  dipole  distribution 
is  also  removed  from  the  grid  hole  region.  The  resulting  potential 
contours  are  obtained  by  adding  charge  and  dipole  contributions  of  the 
forms 

6 

V c -  J  4xor(x)dx[/i2  +  (r  +  x)z]’1/zx(4rx/[h2  +  (r  +  x)2])  (2) 

a 

a 

V d  *»  j  4xhdx/<(x)[(r-x)2  +  ft2]"l[(r  +  x)z  +  A2]’l/ze(4rx/[h2  +  (r  +  x)2]) 
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onto  the  tip  potential  of  equation  1. 
k  and  i  are  complete  elliptic 
Integrals  of  1st  and  2nd  kinds,  o 
and  ft  are  uniform  sheet  charge  and 
dipole  densities.  Radial  limits  a 
and  b  chosen  to  optimise  the  grid 
shape.  These  distributions  allow 
analytic  Integration  on  the  axis  of 
symmetry  giving  a  precise,  but 
Implicit  relationship  between  tip 
field  and  radius.  Typical  electrode 
contours  are  shown  In  Figure  1  for 
grid  hole  radius  a  -  O.S  pm  with 
charge  redistributed  out  to  a  radius 
of  b  -  1.3  pm. 


3.  RESULTS  AND  DISCUSSION 


Fig  1: 
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The  axially  symmetric  electrode  contours  of  Figure  1  allow  an  analytically 
tractable  form  at  the  price  of  requiring  a  smoothed  version  of  the  flat 
and  square  edged  grids  obtained  experimentally.  The  two  extremes  shown, 
with  large  accelerating  and  retarding  anode  fields  above  the  grid,  provide 
electric  fields  at  the  tip  which,  for  the  same  tip  radius,  differ  by  10%. 
Thus,  although  non -quantitative,  the  implication  is  that  the  tip  field  is 
relatively  insensitive  to  both  grid  shape  and  anode  field. 


The  effects  of  other  geometric  features  on  device  performance  are 
quantitatively  assessed  by  evaluating  the  field  F  over  the  tip  surface  and 
evaluating  the  current  density  J  using  the  field  enhancement 
approximation,  l.e.  the  Fowler-Nordhelm  equation  with  this  geometry 
enhanced  field. 


J  •  AFz/4>e\p[-B<li3/zF'x] 


(3) 


where  6  Is  the  work  function.  For  J  in  units 
of  Am-2,  d  In  eV  and  F  In  VA'*,  B  *  0.683  and 
A  ■  1.54x10**.  The  total  emission  current  was 
evaluated  and  electron  trajectories  were 
obtained  using  Newtonian  mechanics,  so  that 
both  the  angular  spread  of  the  emission  and  the 
current  Intercepted  by  the  grid  were 
determined.  A  typical  result  Is  shown  In 
Figure  2.  Substantial  emission  occurs  only 
over  an  angular  range  of  70*  and  the  grid 
Interception  Is  minimal  provided  the  tip  does 
not  lie  below  the  grid. 

This  angular  range  of  emission  is  insensitive 
to  geometry  for  a  wide  range  of  grid  heights. 
However,  the  field  at  the  tip  Is  not.  The  tip 
field  enhancement  Is  plotted  In  Figure  3  as  a 
function  of  radius  for  a  range  of  grid  heights. 
For  large  tip  radii  these  curves  show  a 


>>• 


Fig  2:  Electron 
trajectories.  Line 
density  proportional 
to  current  density. 
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tendency  for  the  tip  field  to  become 
independent  of  radius.  For  all  of  the 
curves  plotted  the  radial  dependence  is 
approximately  F  «  (R'J+B'l)  with  B-630  A. 
This  is  in  agreement  with  the  experimental 
curves  of  Spindt  et  al  (1976)  but  the 
results  obtained  here  do  not  show  the 
stronger  saturation  of  the  R  dependence 
suggested  by  Enze  (1988).  As  the  tip 
protrudes  through  the  grid,  the  potential 
contour  at  grid  voltage,  occurring  only  for 
an  accelerating  anode  field  (Figure  1), 
projects  further  out  Into  the  grid  anode 
gap  and  Enze's  argument  that  the  tip  gets 
substantially  closer  to  this  contour  Is 
incorrect  for  these  grid  shapes. 


0  100  200  300  000  500 

R  /A 

Fig. 3:  Field  enhancement  vs 


tip  radius  (R)  and  grid 
height  H  relative  to  the 
top  of  2  /im  high  tip. 

Perhaps  more  significant  than 
this  saturation  is  the  tip 
height  dependence  of  the  field 
enhancement  for  fixed  tip 
radius  and  grid  structure.  In 
Figure  4  this  dependence  is 
plotted  showing  that  maximum 
current  and  minimum  sensitivity 
to  height  are  obtained  for  the 
tip  just  above  the  top  of  the 
grid. 

The  main  conclusion  is  that 
with  fixed  dielectric 
thickness,  maximum  field 
enhancement  is  obtained  for  the 


Fig  4:  Field  emission  current  per  tip  as  tip  lying  just  above  the  grid, 
a  function  of  tip  height  H,  for  a  2  fim  For  such  positioning  the 
grid-cathode  gap,  300  A  tip  radius  and  emission  Is  also  least 
0.5  im  grid  hole  radius.  The  work  sensitive  to  geometry  and  gives 
function  was  4.5  eV  and  the  grid  minimal  grid  current.  Although 
(position  shaded)  bias  200V.  this  positioning  does  give  a 

slightly  larger  angular  spread, 
this  minor  effect  will  be 


dominated  by  work  function 
anisotropy. 
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An  experimental  study  of  the  physics  of  Held  emission  by  tip  arrays 
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+  Physics  Department,  University  of  Lancaster,  UK. 

*  GEC  Hirst  Research  Centre,  Wembley,  UK. 

Abstract:  We  have  studied  the  characteristics  of  silicon  emitter  arrays  as  a 
function  of  temperature  both  directly  and  with  a  field  emission  microscope. 
The  highly  unstable  emission  observed  at  room  temperature  became  much  more 
uniform  above  about  100°  C,  indicating  the  presence  of  water  vapour.  Results 
suggested  that  emission  took  place  only  from  a  small  number  of  tips  out  of  a  large 
array,  and  from  very  small  areas.  Possible  space  charge  effects  were  also  indicated. 


Introduction 

Some  of  the  most  promising  prospects  in  the  area  of  micron  field  emission  electronics 
are  those  based  on  the  application  of  VLSI  silicon  processing.  A  particular  advantage 
of  device  fabrication  by  this  method  is  that  the  wafers  are  single  crystals.  Much 
field  emission  work  on  tips  (as  opposed  to  plane  surfaces)  has  been  carried  out 
on  etched  wires  of  polycrystalline  metals  (see,  for  example,  Dyke  and  Dolan, 
1956).  For  such  samples,  stable  emission  from  crystalline  facets  is  achieved  only 
after  high  electric  field  and  high  temperature  (>1500K)  cleaning,  annealing,  and 
surface  reconstruction.  In  addition,  continuous  operation  at  high  temperature  is 
recommended  in  order  to  minimise  sputtering  and  adsorption.  It  has  been  proposed 
that  lithographically  produced  silicon  emitter  tips,  since  they  are  inherently  both 
clean  and  monocrystalline,  may  display  stable  and  reproducible  behaviour  under 
much  less  extreme  conditions. 

In  this  paper,  we  report  experiments  in  which  the  characteristics  of  field  emission  from 
bare  ungridded  arrays  of  conical  silicon  tips  produced  by  dry  etching  were  studied 
at  temperatures  up  to  several  hundred  K,  in  order  to  explore  the  practicality  of  this 
suggestion. 

Experimental  Details 

Details  of  emitter  fabrication  are  given  by  Lee  et  al.  (1989).  The  form  of  the  arrays 
is  shown  in  figure  1,  taken  by  scanning  electron  microscope.  Samples  had  spacings 
between  the  tips  of  either  10  pm  or  3  pm.  From  the  photographs  the  average  tip 
radius  was  determined  to  be  30  ±  5  nm.  The  overall  area  of  am  array  was  2*2  mm2 
and  the  material  was  n-silicon  doped  to  approximately  1018  cm-2. 

Investigations  were  carried  out  in  a  liquid  nitrogen-trapped,  diffusion-  pumped  UHV 
system,  with  a  titanium  sublimation  pump  final  stage,  capable  of  operation  down 
to  10-#  torr.  The  anode  was  a  flat  glass  screen  coated  with  tin  oxide  and  phosphor 
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forming  a  simple  field  emission  microscope  which  allowed  observation  of  the  spatial 
distribution  of  emission.  The  emitter  array  was  mounted  parallel  to  the  anode.  Its 
distance  from  the  latter  was  less  than  1  mm  and  could  be  varied  by  a  micrometer 
z- motion  with  a  precision  of  ~  10  ^m.  Temperature  was  varied  by  a  flat  ni chrome 
heater  clamped  to  the  sample  wafer,  and  measured  by  a  contiguous  thermocouple. 
Before  measurements  were  talcen,  the  system  was  baked  at  420  K  for  24  hours  for 
each  sample. 

Results 

The  emitters  were  not  formed  or  trained  in  any  way.  Consequently  the  current 
observed  immediately  after  switch-on  at  room  temperature  was  extremely  noisy, 
being  subject  to  wild  fluctuations  on  a  time  scale  of  seconds  or  shorter.  Simultaneous 
observation  with  the  field  emission  microscope  revealed  that  the  current  was  also 
spatially  inhomogenous,  consisting  of  a  small  number  of  intense  beams  which  switched 
on  and  off  sporadically  and  varied  in  direction  over  an  area  of  a  few  mm2  on  the  FEM 
screen.  A  typical  FEM  display  of  emission  at  room  temperature  is  shown  in  Figure 
2.  Close  correlation  was  observed  between  the  switching  of  these  beams  and  the 
temporal  fluctuations  in  current.  There  was  no  qualitative  difference  between  the  3 
and  10  micron  samples. 

Raising  the  temperature  even  by  as  little  as  130  K  changed  the  picture  dramatically. 
The  current  fell  by  a  factor  of  2  or  3,  whilst  the  amplitude  of  the  fluctuations 
decreased  by  orders  of  magnitude.  In  addition,  the  FEM  display  revealed  a  shift 
to  an  approximately  uniform  spatial  distribution  of  current.  Figure  3  illustrates  the 
changes  in  current  observed  as  a  3  micron  sample  was  thermally  cycled  between  290 
K  and  420  K.  The  high-temperature  stable  phase  appeared  to  break  up  on  cooling 
through  ~  370  K,  suggesting  that  a  major  factor  was  the  adsorption  of  water  vapour. 
Such  cooling  traces  also  depended  on  chamber  pressure,  presumably  through  surface 
coverage  and  accommodation.  Mass  spectrometer  analysis  is  planned  to  identify  the 
adsorbates. 

Heating  the  emitter  arrays  to  much  higher  temperatures,  around  1000  K,  had 
relatively  little  effect.  Figure  4  shows  sections  of  a  cooling  curve  which  began  at 
this  temperature.  Two  features  should  be  noted.  First,  the  overall  current  remained 
approximately  constant  over  the  whole  temperature  range,  suggesting  that  the  silicon 
was  sufficiently  heavily  doped  for  it  to  be  regarded  as  metallic,  with  no  surface 
band-  bending.  Second,  the  current  remained  relatively  smooth  over  most  of  the 
temperature  range,  confirming  that  most  degradation  occurs  relatively  close  to  room 
temperature. 

The  likely  involvement  of  adsorption  was  supported  by  a  comparison  of  Fowler- 
Nordheim  plots  of  the  data  taken  in  the  two  phases  (Figure  5).  The  slope  of  the  plot 
for  the  stable  phase  was  found  consistently  to  be  10  to  20%  higher  than  that  obtained 
in  the  low  temperature,  noisy,  phase.  In  order  to  infer  a  value  of  the  work  function, 
from  t  lese  data,  it  is  necessary  to  have  a  value  for  d,  the  geometric  factor  which 
relates  cathode  potential  to  tip  electric  field.  This  point  will  be  discussed  below. 

Discussion 

Emission  appears  to  be  taking  place  only  from  a  small  number  of  discrete  areas. 
The  clearest  evidence  for  this  is  the  large  magnitude  of  the  current  fluctuations,  and 
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their  direct  correlation  with  the  appearance  and  extinction  of  the  individual  electron 
beams  observed  by  the  FEM.  If  a  significant  fraction  of  the  40,000  tips  present  were 
emitting,  then  statistical  effects,  both  in  space  and  time,  would  be  proportionately 
much  smaller.  In  addition,  inspection  of  arrays  that  have  been  cycled  as  described 
above  confirms  that  only  very  few  tips  show  any  distortion  from  their  original  shape. 

Whilst  recognising  that  Fowler-Nordheim  theory  is  good  only  to  an  order  of 
magnitude,  and  noting  that  even  highly  doped  n-silicon  is  not  a  true  metal,  we 
nevertheless  used  this  model  to  estimate  from  our  data  the  approximate  area 
necessary  to  supply  the  current  observed  in  the  stable  phase.  We  used  the  simple 
expression  (Dyke  and  Dolan,  1956)  relating  current  i  with  anode-cathode  potential 
difference  V, 

i  ,,  in_«*/?2V2  f  6.83  x  10VS/2 1 

-  =  (1.54*10  *)— =p{ - W - } 

For  all  runs,  the  answer  obtained  for  the  emitting  area,  A,  was  in  the  range  2-20 
(lattice  spacing)2,  that  is,  much  smaller  than  the  area  of  a  tip.  We  also  attempted 
to  estimate  the  emission  area  from  the  observed  FEM  spot  size  via  the  magnification 
factor  of  the  FEM  (approximately  105).  This  method  gave  an  answer  approximately 
100  times  larger.  A  possible  explanation  of  this  discrepancy  is  that  space  charge 
effects  are  causing  beam  divergence.  If  the  emitting  areas  are  really  as  small  as 
estimated  above,  then  the  current  densities  are  considerably  greater  than  the  space 
charge  threshold  (Barbour  et  al.  1953). 

It  is  not  clear  why  only  such  small  regions  of  so  few,  supposedly  identical,  tips  should 
be  emitting.  Presumably,  once  in  the  stable  emission  phase  and  free  from  significant 
adsorbates,  all  tips  have  the  same  work  function.  Therefore  the  only  possible  variable 
is  f),  the  field  enhancement  factor,  which  depends  critically  on  emitter  radius  and 
height,  and  more  weakly  on  tip  separation  and  anode  distance.  Our  best  estimate 
of  f)  for  these  experiments  is  1.8*10®  cm-1,  leading  to  a  value  for  tj>  of  5.1  ±  .2  eV. 
We  axe  continuing  investigations  into  the  dependence  of  /3  on  the  various  parameters. 
Preliminary  results  (Figure  6)  indicated  that  the  current  falls  off  more  rapidly  with 
increasing  anode  distance  for  the  3  micron  array  than  for  the  10  micron  device.  It 
will  be  possible  to  work  back  from  such  measurements  to  more  accurately  determined 
values  of  /?  and  <f>. 

We  are  indebted  to  Helen  Williams  for  her  cueful  preparation  of  the  samples,  and 
to  SERC  for  support  for  RJH  through  a  CASE  award. 
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Figure  1  :  Scanning  electron  micrograph  Figure  2  :  Succession  of  FEM  pictures 
of  part  of  an  array  before  use.  over  a.  few  seconds. 
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Figure  3  :  Successive  (1  —  2  —  3)  g  f  4  ’  CoolmS  curve  of  a  10  nucron 

cooling  curves  of  a  3  micron  array.  fr°m  a  te™Per^ure  of  ~  1000  K. 
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F igure  5  :  Fowler-Nordheim  plots  of  the  Figure  6  :  Dependence  of  array  current 
sample  above:  Ti  unstable,  T3  stable.  at  constant  voltage  on  anode  distance. 
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A  mathematical  model  to  predict  optimum  geometry  of  the  elements  of 
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ABSTRACT:  Calculations  have  been  made  that  simulate  the  effects  of  device 
geometry  on  the  electron  emission  performance  of  a  family  of  composite- 
based  field  emitter  array  cathodes.  These  emitters,  made  by  thin-film 
techniques  from  unidirectionally-solidified  oxide-metal  composites, 
contain  arrays  of  pointed  fibers  centered  in  the  apertures  of  a  gate  film. 
The  effects  on  emission  and  electron  trajectories  of  variables  such  as 
emitter  pin  tip  radius,  pin  cone  angle,  gate  film  thickness,  and  pin 
position  relative  to  the  gate  film  were  modeled. 


1 .  INTRODUCTION 

A  field  emitter  array  cathode,  based  on  a  unidirectionally-solidified,  oxide- 
metal,  eutectic  composite  was  developed  and  studied  at  Georgia  Tech  (Cochran 
et  al,  1980,1984).  The  composites,  developed  by  Chapman  and  Clark  (1970), 
contain  arrays  of  single -crystal  tungsten  fibers  (500  nm  dia.)  in  an  oxide 
matrix,  with  fiber  packing  densities  ranging  from  1-10  x  10®  cm-2.  The  cath¬ 
odes  were  fabricated  by  first  etching  the  composite  to  expose  and  point  the 
tungsten  fibers,  then  depositing  the  insulator  and  gate  films  by  electron- 
beam  evaporation.  A  micrograph  of  an  element  of  one  of  these  composite-based 
field  emitter  arrays  (CFEA)  is  shown  in  Figure  1.  As  part  of  the  cathode 
development  effort,  an  extensive  program  of  calculations  was  undertaken  to 
provide  guidance  for  the  adjustment  of  the  controllable  parameters  of  the 
fabrication  process.  The  effects  on  electron  emission  and  electron  trajec¬ 
tories  of  variables  such  as  emitter  pin-tip  radius,  pin-cone  angle,  gate  film 
thickness,  and  pin  position  relative  to  the  gate  film  electrode  were  examined. 

2 .  ANALYSIS  PROCEDURE 


The  theory  of  field  emission,  originally  developed  by  Fowler  and  Nordhelm 
(1926),  describes  electron  emission  from  cold  metals  into  a  high  electric 
field.  The  theory  relates  current  density,  J,  in  A/cm2,  field  strength  E, 
in  V/cm,  and  the  work  function  4  according  to  the  expression: 

j.  i-»«i -s.»3  x  loy^w  (1) 

^t*(y)  r  E 

where  f(y)  and  t(y)  are  slowly  varying  elliptic  functions  of  the  variable  y 
defined  by  the  equation, 

(e3E)*  3.79  x  10’*E* 

y-  S - 4 -  (2) 
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The  substitution  of  typical  numbers  for  ^  shows  that 
negligible  field  emission  results  until  the  electric 
field  strength  exceeds  about  107  V/cm.  This  high  value  of 
electric  field  precludes  the  existence  of  a  significant 
space-charge  region  in  the  vicinity  of  the  emitter-tip 
until  the  current  density  approaches  10®  A/cm2.  Most  FEA 
operation  occurs  at  current  densities  below  this  value. 
Hence,  a  space -charge -free  analysis  of  the  FEA  is  capable 
of  giving  considerable  insight  into  the  operation  of  the 
device . 


Most  of  the  emitter  simulations  were  done  with  a  space- 
charge-free  model.  For  this  case,  a  procedure  involving  Figur*  l.  Micrograph  of 
the  numerical  solution  of  Laplace's  equation  and  Integra-  crEA 
tion  of  the  equation  of  electron  motion  was  developed. 

Laplace's  equation  was  solved  for  a  single  emitter  element  placed  below  a 
biased  collector.  In  order  to  obtain  adequate  spatial  resolution,  the  portion 
of  the  potential  mesh  including  the  emitter  tip  was  expanded  several  times  to 
provide  a  resolution  of  0.67  nm.  The  electric  field  over  the  surface  of  the 
emitter  pin  was  numerically  determined  and  the  electron  emission  and  trajec¬ 
tories  were  calculated. 


The  electrostatic  potential  within  the  interelectrode  space  was  calculated 
using  a  difference  equation  approximation  to  Laplace's  equation  (Hildebrand, 
1968) .  Specific  forms  of  the  difference  equation  were  required  depending  upon 
whether  the  applicable  region  was  in  the  inter-electrode  space,  on  the  z-axis 
of  the  emitter  or  on  a  boundary.  These  equations,  together  with  the  boundary 
conditions,  were  solved  to  obtain  the  potential  matrix.  Boundaries  that  were 
not  r  -  constant  or  z  -  constant  surfaces  were  represented  by  adjusting  the 
potential  of  neighboring  mesh  points  so  that  they  properly  reflected  the 
actual  position  of  the  potential  boundary.  The  numerical  solution  was 
accomplished  by  repeatedly  applying  the  potential  equations  to  the  potential 
matrix  until  the  desired  degree  of  convergence  was  obtained.  The  calculation 
was  terminated  when  the  values  of  successive  iterations  were  less  than  some 
convergence  value,  typically  1  mV. 

The  electric  field  was  obtained  from  the  potential  by  a  difference  equation 
approximation  including  a  second-order  correction.  The  second  order  cor¬ 
rection  was  necessary  because  the  trajectories  did  not  necessarily  pass 
through  mesh  points.  Equation  (1)  was  used  to  calculate  the  emission  current 
density  at  points  on  the  surface  of  the  emitter  pin.  The  electron  emission 
current  was  then  obtained  by  numerically  integrating  the  electric  current 
density  over  the  spherical  and  conical  surfaces  of  the  emitter. 

The  trajectory  starting  points  were  assigned  to  correspond  to  the  emission 
of  specified  fractions  of  the  total  current.  This  was  done  by  comparing  the 
total  current,  calculated  as  described  above,  with  the  cumulative  current 
starting  from  the  emitter  tip.  A  polynomial  was  fitted  to  the  calculated 
current  with  the  cumulative  current  as  the  independent  variable  and  the 
position  on  the  emitter  as  the  dependent  variable.  The  polynomial  coeffi¬ 
cients  were  then  used  to  determine  the  starting  location  of  each  trajectory 
for  the  specified  fraction  of  emitted  current.  Usually,  a  new  trajectory  was 
initiated  for  every  five  percent  increase  in  the  cumulative  current.  Once  the 
electric  field  and  the  starting  points  of  the  trajectories  were  determined, 
the  equations  of  motion  could  be  integrated  to  determine  the  complete 
trajectories  of  the  electrons. 
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3.  DISCUSSION  OF  RESULTS 

The  techniques  outlined  In  the  previous  sections  were  utilized  to  perform  a 
parametric  study  of  the  Georgia  Tech  C FEA  cathode,  the  nominal  or  reference 

geometry  of  which  is  shown  in  Fig¬ 
ure  2.  The  collector  potential  of 
148  V  was  selected  to  provide  the 
same  electric  field  that  would  be 
obtained  from  a  collector  biased 
1000  V  above  the  gate  film  and 
located  0.25  mm  away.  The  effects 
of  geometry  variations  were  exam¬ 
ined  by  changing  one  or  more  of  the 
nominal  dimensions  of  the  CFEA 
while  leaving  the  remaining  device 
parameters  constant.  The  emitted 
current  was  calculated  from  Eq.  (1) 
using  a  work  function  of  8.0  eV, 
Figure  2.  Rafuinci  G*om»try  of  cf£a  c«thod«.  corresponding  to  oxygenated  tung¬ 

sten. 

3.1  Variation  of  Electric  Field  on  Emitter  Surface 

Figure  3  shows  the  variation  of  the  electric 
field  as  a  function  of  pin  tip  polar  angle . 

These  results  indicate  that  the  electric 
field  is  slowly  varying  near  the  pin  tip, 
but  falls  off  rapidly  along  the  shank. 

Results  for  other  pin  radii  and  cone  angles 
show  a  similar  variation.  It  should  be 
noted  that  these  data  are  qualitatively 
similar  to  those  for  other  FEA  devices,  but 
the  Georgia  Tech  CFEA  cathodes  often 
exhibited  a  significantly  larger  electric 
field. 

3.2  Effect  of  Pin-Tip  Radius  on  Peak 
Electric  Field 

One  potential  advantage  of  the  CFEA  devices 
over  other  types  of  emitter  arrays  is  the 
very  small  pin  tip  radius  obtainable  by  chemical  etching.  Pin  tip  radii  of 

less  than  5  nm  can  be  produced.  It  was 
important  to  ascertain  if  such  small  tips 
could  lead  to  the  significant  improvements 
in  device  performance  and  to  evaluate  the 
sensitivity  of  electron  emission  to  small 
variations  of  pin  radii.  The  results  of  the 
electric  field  calculation  are  given  in 
Figure  4.  These  data  show  the  expected 
strong  dependence  of  the  electric  field  on 
the  tip  radius.  From  these  results  it  can 
be  concluded  that  the  small  radii  of  the 
CFEA  device  pins  result  in  a  significantly 
larger  electric  field  than  that  obtainable 
with  the  usual  25-75  nm  radii  of  vapor- 
deposited  emitters.  A  second  conclusion  is 


Figure  4.  Effect  of  Tip  Radius  on  Peak 
Electric  Fisld. 


Figure  3.  Variation  of  Electric  Field 
with  Pin  Tip  Polar  Angle. 
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size  distribution  of  the  pin- tip  radii  must  be  carefully  controlled  if 
spatially  uniform  emission  is  to  be  achieved. 


3.3  Effect  of  Pin  Cone-Angle  on  Peak  Electric  Field 


The  CFEA  fabrication  process  yields  emitter 
pins  significantly  sharper  than  those  ob¬ 
tained  by  other  methods.  Calculations  were 
made  to  assess  the  effect  of  the  pin  cone- 
angle  on  the  peak  electric  field  and  hence 
on  electron  emission.  The  results  of  this 
study  are  shown  in  Figure  5.  It  is  apparent 
that  a  small  cone  half -angle  (30®)  results 
in  a  significant  increase  in  electric  field 
when  compared  to  the  larger  angle  (60°) 
characteristic  of  other  FEA  devices .  Thus , 
the  etched  metal-oxide  composites  appear  to 
yield  an  emitter  pin  that  is  reasonably 
optimized  with  respect  to  pin  cone-angle. 

3.4  Effect  of  Pin  Position  Relative  to  Gate 
Film 


CONK  HALF-AMOU  (deal 


Figure  5.  Effect  of  Cone  Half -Angle  on 
peak  Electric  Field. 


Because  of  variations  in  effective  etching  rates,  the  precision  with  which 
emitter  pin  length  can  be  controlled  was  somewhat  limited.  It  was  thus  very 
important  to  assess  the  effect  of  variations  in  placing  the  pin  relative  to 
the  gate  film.  Figure  6  shows  the  peak  electric  field  as  a  function  of  the 

position  of  the  emitter  pin  relative 
to  the  base  of  the  gate  film  with 
gate  film  thickness  as  the  param¬ 
eter.  The  calculations  lead  to  the 
important  conclusion  that  the  peak 
electric  field,  and  hence  emission, 
is  insensitive  to  the  position  of 
the  pin  tip,  provided  that  the  tip 
is  positioned  at  least  midway  within 
the  gate  film.  It  is  also  apparent 
that  there  is  negligible  effect  on 
the  electric  field  from  reasonable 
variations  in  gate  film  thickness. 
This  allows  other  considerations, 
such  as  the  current  capacity  of  the 
gate  film  to  determine  the  actual 

Effect  of  Pin  Position  Relative  to  Gate  rji- 
Film  on  Peak  Electric  Field.  thickness  Of  the  film. 


Figure  6. 


4.  REFERENCES 

Chapman  A  T  and  Clark  G  W  1970  J.  Am.  Ceram.  Soc.  53  112 

Cochran  J  K,  Chapman  A  T,  Feeney  R  K,  Hill  D  N  1980  Technical  Digest  IEEE 
International  Electron  Devices  Meeting  p  462 
Cochran  J  K,  Chapman  A  T,  Feeney  R  K,  Hill  D  N,  Lee  K  J,  Jones  R  D,  Kolarik 
R  V,  Moh  K  H,  and  Price  J  P  1982  Final  Report,  USAF  Systems  Command, 
AFWAL-TR-82-1089 

Hildebrand  F  B  (1968)  Finite-Difference  Equations  and  Simulations  (New  York: 
Prentice-Hall)  pp  284-90 


Inst.  Phys.  Conf.  Ser.  No  99:  Section  5 

Paper  presented  at  2nd  Int.  Cot\f.  on  Vac.  Microelectron.,  Bath,  1989 


121 


Ttinnelling  theory  and  vacuum  microelectronics 


P.  H.  Cutler,  T.  E.  Feuchtwang,  Z.  Huang  and  T.  Sullivan* 

Pennsylvania  State  University,  104  Davey  Lab,  University  Park,  PA  16802, 
USA,  and  *Temple  University,  Department  of  Electrical  Engineering, 
Philadelphia,  PA  19122  USA. 


We  review  first  one  dimensional  tunneling  theory,  beginning  with  the 
kinetic  method  of  field  emission  by  Fowler  and  Nordheim.  Current 
theories,  including  many-body  effects,  will  then  be  discussed.  The 
role  of  the  electron-surface  interaction  and  the  models  for  the 
resulting  effective  potential  barrier  will  be  considered.  For 
nanometer  scale  devices,  a  variety  of  size  and  geometry  effects 
manifest  themselves.  In  this  context,  recent  theories  of  multi¬ 
dimensional  tunneling  will  be  discussed.  Application  of  tunneling 
theories  to  vacuum  microelectronics  will  be  illustrated  by  the 
calculation  of  the  I-V  characteristics  for  a  fully  three  dimensional 
model  of  the  scanning  tunneling  microscope . 


1 .  INTRODUCTION 

Electron  tunneling  has  been  an  intriguing  subject  every  since  the  advent 
of  quantum  mechanics [Fowler  and  Nordheim,  1928;  Oppenheimer,  1928].  This 
phenomenon  has  been  the  subject  of  extensive  theoretical  analysis,  and 
experimental  observation,  some  of  it  dramatic,  such  as  field  emission[Good 
and  Miiller,  1956  and  Gadzuk  and  Plummer,  1973],  field  ion 
microscopy [Muller  and  Tsong,  1969],  scanning  tunneling  microscopy [Hansma 
and  Tersoff,  1987],  and  superconductive  tunneling [ So lymar ,  1972] . 
However,  there  still  remain  unresolved  fundamental  issues  in  tunneling 
theory.  For  example,  there  is  no  unique  theory  of  the  characteristic  time 
for  electron  tunneling  through  a  quantum  barrier [Lucas,  et  al,  1988;  and 
Huang,  et  al . ,  1989].  Another  problem  of  current  interest  is  the 
formulation  of  a  multidimensional  theory  of  tunneling,  in  non-separable 
potentials [Berry  and  Mount,  1972],  These  topics  and  others  are  not  of 
exclusive  interest  to  the  description  and  application  of  solid  state 
tunneling  devices] Dal vern,  1980],  and  are  also  relevant  to  such  diverse 
fields  as  chemical  reaction  dynamics [Poliak  and  Miller,  1984,  1985],  field 
theory[Banks ,  et  al.,1973],  and  study  of  the  cosmological  evolution  from 
the  initial  'big-bang' [Banks,  1985;  Brout,  1987]. 

Our  understanding  of  both  the  operation  of  electron  tunneling  devices, 
such  as  pn-junctions ,  FET's  and  Schottky  barriers,  and  their  practical 
development  are  based  on  a  simple  one  dimensional  model  of  quantum  barrier 
penetration.  This  approach  is  Justified  by  invoking  translational 
invariance  of  the  tunneling  barrier  in  the  transverse  directions  normal  to 
the  "plane"  of  the  junction.  In  addition,  the  model  is  taken  to  be 
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separable  into  one  dimensional  tunneling  and  "free  electron"  motion  in 
the  transverse  directions.  Devices  with  close-spaced  electrodes  (i.e., 
1-2  nm's)  are  sensitive  to  the  anisotropies  of  the  barrier,  which  are  due 
to  geometric  asymmetries  of  the  electrodes  and  enhanced  by  the  multiple 
image  interactions . 

In  a  recent  study  of  STM,  using  an  exact  three  dimensional  Green 
function,  Lucas,  et  al.[1988],  found  pronounced  anisotropies  of  the 
tunneling  current  density.  They  suggested  that  the  barrier  anisotropies 
lead  to  the  observed  focusing  of  the  tunneling  current  and  hence, 
ultimately  to  the  atomic  resolution  of  the  STM.  Lang[1985j,  using  a 
transfer  Hamiltonian  formulation,  also  found  a  tunneling  current  density 
which  is  highly  concentrated  along  the  cylindrical  axis  of  symmetry  of  his 
model.  Here  also  the  current  density  distribution  reflects  the  underlying 
anisotropy  of  the  barrier.  Both  calculations  clearly  demonstrate  the 
essential  role  of  the  multidimensionality  of  the  barrier,  which  obviously 
cannot  be  accounted  for  in  the  one  dimensional  models. 

In  this  paper  we  will  review  the  current  status  of  tunneling  theory.  It 
is  understood  that  by  tunneling  theory  we  mean  the  determination  of  the 
transmission  coefficient  and  the  tunneling  current  density.  By  contrast, 
in  multidimensional  tunneling  the  transmission  coefficient  is  replaced  by 
a  differential  scattering  probability.  We  shall  emphasize  the  physical 
interpretation  of  the  formal  theory.  The  details  of  the  mathematical 
analysis  will  be  kept  to  a  minimum.  There  are  several  excellent 
monographs [Burstein,  1969;  Duke,  1969;  Wolf,  1985]  and  reviews [Gadzuk  and 
Plummer,  1973;  Feuchtwang,  et  al,  1983;  Feuchtwang  and  Cutler,  1988]  which 
include  the  mathematical  details  of  elementary  tunneling.  The  theories  of 
tunneling  in  multidimensional  potential  barriers  with  and  without 
dissipation  are  the  subject  of  much  current  activity.  Some  recent  work  on 
this  topic  will  be  discussed  in  the  paper. 

In  section  2,  we  give  a  brief  review  of  one  dimensional  normal  electron 
tunneling  into  vacuum.  We  begin  with  the  Fowler  Nordheim  theory,  and  then 
discuss  the  classical  WKB  method  and  the  transfer  Hamiltonian  formalism. 
In  Section  3,  we  consider  the  electron-surface  Interaction  and  the 
surface— vacuum  tunneling  barrier.  The  problem  posed  by  the  possible 
multidimensionality  of  a  tunneling  barrier  is  also  briefly  considered.  In 
this  context,  we  describe,  in  Section  4,  recent  theoretical  work  using 
semi-classical  and  Green  function  techniques  to  calculate  tunneling 
through  nonseparable  three  dimensional  barriers.  We  then  apply  these 
concepts  and  results  to  tunneling  problems  in  vacuum  microelectronics 
(i.e.,  the  STM).  Conclusions  are  presented  in  Section  5. 

2.  REVIEW  OF  ONE  DIMENSIONAL  NORMAL  ELECTRON  TUNNELING  THEORY. 

Electron  tunneling  is  a  non-classical  transport  mechanism  involving 
transitions  of  electrons  between  classically  allowed  regions  separated  by 
a  forbidden  region,  that  is,  a  potential  barrier.  In  the  forbidden  region 
the  kinetic  energy  is  negative  because  the  total  energy  of  the  electron  is 
less  than  the  (local)  potential  energy.  Whether  a  region  is  forbidden  or 
not  is  determined  by  the  energy  of  the  electron  involved  in  the 
transition.  The  definition  can  be  extended  to  Include  electron  tunneling 
in  solids.  In  crystalline  and  disordered  solids,  whether  a  region  is 
allowed  or  forbidden  at  a  given  energy  depends  on  the  one— electron  band 
structure  for  that  region.  The  potential  barrier  or  forbidden  region  is, 
in  this  case,  determined  by  the  band  structure  modulated  by  non-periodic 
fields  such  as  the  surface  field,  or  the  external  bias  field.  Within  the 
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barrier  the  electron  wave  functions  cannot  be  represented  by  plane  waves, 
but  instead  are  linear  combinations  of  real  exponentials.  Thus  tunneling 
may  be  visualized  as  the  coupling  of  the  plane  waves  in  the  solid  to  those 
in  the  vacuum  due  to  the  overlap  within  the  vacuum  barrier  region  of 
their  respective  exponentially  decreasing  tails. 

Finally,  a  brief  comment  concerning  tunneling  in  KVM  junctions  (e.g.,  the 
STM) .  It  is  customary  to  distinguish  two  regimes  of  operation  for  these 
junctions.  The  field  emission  or  Fowler-Nordheim  regime  occurs  for 
relatively  large  interelectrode  spacings,  and  is  distinguished  by  the  fact 
that  the  tunneling  distance  is  a  small  fraction  of  the  interelectrode 
spacing.  The  so-called  "tunneling  regime"  occurs  when  the  interelectrode 
separation  is  of  the  order  of  the  width  of  the  tunneling  barrier,  i.e., 
<30A.  The  main  distinction  between  the  two  regimes  is  that,  in  principle, 
the  electrons  in  the  Fowler-Nordheim  regime  could  be  described  in  terms  of 
a  classical  or  ballistic  trajectory  in  the  interelectrode  space  beginning 
about  30A  beyond  the  "surface"  of  the  field  emission  tip.  Nevertheless, 
there  is  no  essential  difference  in  the  electron  transport  mechanism  in 
field  emission  and  metal— vacuum-metal  junctions  since  physically  both  are 
tunneling  phenomena. 

One  of  the  earliest  theories  of  vacuum  tunneling  was  developed  by  Fowler 
and  Nordheim[1928]  to  explain  electron  emission  from  solids  in  a  high 
electric  field.  These  authors  use  a  kinetic  model  to  calculate  the 
tunneling  current  density  given  by  j  -  nev.  Here  r.  5s  the  number  of 
electrons  per  unit  volume,  e  is  the  electronic  charge,  and  v  is  the 
electron's  group  velocity  in  the  state  |k> . 

In  the  kinetic  model  the  tunneling  current  density  is  calculated  from  the 
product  of  the  incident  flux,  the  transmission  probability  per  electronic 
state  and  the  occupation  probability  of  this  state,  given  by  the  Fermi 
factor.  For  a  one  dimensional  potential  barrier  denoted  by  V  -  V(x) ,  this 
leads  to  the  following  expression  for  the  field  emitted  current, 

J "  1  "A  f<E>  °<v  (li J  ■  <l> 


Here  s  is  the  electron  spin,  f(E)  is  the  Fermi  factor,  E  is  the  total 
energy,  D(EX)  is  the  transmission  probability  at  normal  energy  Ex,  and 
3E/3kj{  is  the  normal  or  x-directed  group  velocity.  The  normal  energy  is 
E-(fikt)^/2m  and  kt  is  the  wave  vector  parallel  to  the  plane  of  the 
junction,  and  normal  to  the  x-direction.  Equation  (1)  can  be  rewritten, 


•r. 


D(Ex)N(Ex)dEx 


where  N(EX),  the  supply  function,  is  given  by 


N(EX)  -  (2s+l)  2irm  (kBT/A3)ln(l  +  exp  (Ep  -  Ex)/kBT). 


The  product  Pn(Ex)  “  D(EX)N(EX)  is  referred  to  as  the  normal  energy 
distribution  of  the  emitted  electrons.  To  calculate  j,  one  requires  the 
solution  of  the  SchrSdinger  equation  for  the  transmission  coefficient 
D(EX)  [Duke,  C.  B. ,  1969].  For  any  reasonably  realistic  barrier,  this  can¬ 
not  be  done  in  closed  form.  Therefore,  it  is  necessary  to  resort  to 
approximate  methods  for  the  calculation  of  the  transmission  coefficient. 
One  of  the  most  commonly  used  is  the  so-called  WKB  method,  which,  for  a 
one  dimensional  model,  gives 
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n  /p  s  “2 1  2  *(x)  dx 

WV  ’  6  Jv 


where 


k(x)  -  J 2m 


f-  (V(x)  -  E)  , 


V(x)  ia  the  potential  barrier  and  x^,2  are  the  classical  turning  points  at 
which  ic(xi)  and  /c(x2)  vanish.  The  advantage  of  this  method  is  that  it 
does  not  require  an  explicit  calculation  of  the  Schrddinger  equation. 
Although  widely  used  for  its  simplicity  and  convenience,  it  should  be 
recognized  that  DwKB  is  derived  assuming  a  thick  barrier  and  therefore  it 
becomes  less  accurate  for'  energies  near  peaks  of  the  barrier,  and  for  all 
energies  above  the  barrier [Gadzuk  and  Plummer,  1973;  Modinos,  1984], 

For  the  Fowler— Nordheim  model  with  an  applied  electric  field  F,  but  no 
image  interaction,  V(x)  -  <j>  +  Ep  -  eFx,  where  4>  is  the  work  function.  The 
turning  points  are  xj  -  0  and  X2  -  (eF)-1  (</>  +  Ep  -  Ex) .  The  integral  for 
DyiQj  can  be  done  exactly,  yielding 

WEx>  -  ex*>  f  [l  (*  -  <Ex  '  V)V2}  • 

The  exponential  dependence  in  Eq.  (2)  characteristic  of  tunneling  has  been 
well  verified  in  field  emission[Gadzuk  and  Plummer,  1973]  for  fields  <  108 
volts/cm. [Cutler  and  Nagy,  1965].  It  is  remarkable  that  this  simple  one 
dimensional  model  fits  so  well  to  much  of  the  experimental  data. 
Gadzuk[1969] ,  and  Politzer  and  Cutler [1970 , 1972]  have  demonstrated  that 
tunneling  from  the  free-electron-like  states  is  about  two  orders  of 
magnitude  more  probable  than  tunneling  from  the  "d"  and  other  higher 
angular  momentum  states. 

Two  final  comments  concerning  the  accuracy  of  the  WKB  method.  It  can  be 
shown  that  the  variation  in  the  potential  energy  V(x)  has  to  be  a  slowly 
varying  function  of  position  and  that  the  kinetic  energy  of  the  particle 
must  be  large  compared  to  V(x)  for  the  approximation  to  be  applicable. 

That  is,  ^ «1  ’  w^ere  *  is  the  de  Broglie  wavelength  of  the  tunnel¬ 

ing  electron. [Bohm,  1955] 

Before  the  advent  of  computers  several  analytic  approximations  of  DwKB 
were  introduced  to  simplify  the  evaluation  of  the  tunneling  integral. 
These  were  often  of  limited  applicability  and,  more  important,  they  were 
frequently  Inadequate [ Duke ,  1969].  One  of  the  widely  used  approximations 
was  developed  by  Simmons [ 1964 ] .  Recently,  Simmons'  'mean  barrier 
approximation’  for  the  trapezoidal  barrier  (including  all  classical 
multiple-image-potential  corrections),  has  been  critically 
examined  [Miskovsky,  et  al .  ,  1982].  It  was  found  that  the  current 

calculated  using  just  the  WKB  approximation  differs  significantly  from 
that  obtained  using  any  of  several  widely  used  versions  of  the  Simmons 
’mean-barrier  approximation* confirming  that  commonly  used  alternatives  to 
the  WKB  approximation  are  less  reliable  than  the  WKB  itself.  [Miskovsky,  et  al.,  1982] , 


The  conventional  formulations  of  electron  tunneling  are  mostly  effective 
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single-electron  theories.  That  is,  the  electrons  are  treated  as  non¬ 
interacting  particles  subject  to  Fermi-Dirac  statistics.  In  contrast, 
modern  formulations  of  electron  tunneling  are  basically  many-body  theories 
including  electron-electron  and/or  electron-phonon  interactions.  These 
many-body  tunneling  analyses  reduce  in  the  limit  of  non-interacting 
electrons  to  the  conventional  theories. 

The  most  commonly  applied  formulation  of  many-body  tunneling  invokes  the 
so-called  transfer  Hamilton! an [Duke ,  1969;  Gadzuk  and  Plummer,  1973]. 

Interpretation  of  this  pseudo-Hamiltonian  follows  from  the  observation 
that  this  formalism  was  developed  as  an  extension  of  Fermi's  golden-rule 
for  the  calculation  of  a  transition  or  tunneling  probability  per  unit 
time.  It  is  given  by  (2ir/ti )  |m| 2 ,  where  M  is  the  effective  matrix  element 
coupling  the  wave  functions  in  the  solid  and  vacuum.  For  vacuum 
tunneling,  in  the  independent  particle  model,  tunneling  current  in  the 
transfer  Hamiltonian  formalism  can  be  written  in  the  form [Feuch twang  and 
Cutler,  1976], 

j  -  jj*  j"  |m| 2f (E)dE  ,  (3) 

where  E  is  now  the  total  energy.  Equation  (3)  is  usually  derived  by  kinet¬ 
ic  arguments  and  corresponds  to  the  Fowler-Nordheim  result  in  Eq.  (2). 

In  the  presence  of  interactions,  or  many-body  effects,  the  expression  for 
the  current  tunneling  into  vacuum  is  now  given  by 

j  -  ~  J"  |A(0)(E)|2pn(E)pv(E  +  eV)f(E)dE  (6) 

"  —CO 


Here  pmv  «re  the  local  densities  of  states  for  the  metal  (vacuum) 
evaluated  at  the  metal  (vacuum)  sides  of  the  interface.  Explicitly  the 
local  density  is  reduced  to  a  one  dimensional  quantity  by  averaging  over 
the  interface , 


* z-m(v) 


PL(r,E)dxdy 


The  local  density  of  states  is  a  generalization  of  the  ordinary  density  of 
states  p(E)  -  2  6(E— E^)  for  non-uniform  systems . [Feuchtwang  and  Cutler 

1978].  For  non-interacting  electrons  described  by  the  single  particle 
wave  function  ^(r;E), 


p(r , E)  -  j  |^(r;E'|25(E-E')dE- 

*  —CD 


(5) 


The  ordinary  density  of  states  is  just  the  volume  integral  of  the  local 
density  of  states, 

p(E)  -  J  p(r,E)  d3r  . 


We  interpret  the  energy  integral  of  the  local  density  of  states  as  the 
probability  of  finding  an  electron  at  the  position  r, 
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We  interpret  p( r,E)  as  the  probability  that  an  electron  is  at  the 
position  r  and  has  an  energy  E,  and  hence  its  usefulness. 

The  delta  function  5( E-E')  in  Eq.  (5)  signifies  that  the  electronic  energy 
is  conserved  so  that  j  is  the  elastic  tunneling  current. 

The  quantity  | A |  is  often  called  a  matrix  element,  although  it  has  the 
dimensions  of  energy  per  unit  length.  It  can  best  be  thought  of  as  the 
matrix  element  of  a  pseudo-operator  which  induces  the  tunneling 
"transition".  The  several  different  formulations  of  many— body  tunneling 
theory  differ  essentially  in  their  definition  of  |a|.  We  shall  not  dwell 
on  this  point  since  it  requires  analysis  beyond  the  scope  of  this  article. 
However,  in  elastic  tunneling  and  for  the  case  of  non-interacting 
electrons,  these  'matrix  elements'  are  related  by 

|M(E,eV)|2  -  |A(°)(E)J2^m(m,E)/,v(v>E+eV)  -  D(E,eV).  (6) 

We  note  that  the  expression  for  the  transmission  coefficient  in  Eq.  (6)  in 
terms  of  the  local  densities  of  states  is  primarily  of  conceptual 
importance,  and  has  little  computational  advantage  compared  to,  say,  DwKB- 
This  is  not  the  case  when  interactions  have  to  be  considered.  Then,  the 
tunneling  experiment  can,  for  instance,  be  used  to  probe  the  effect  of 
interactions  on  the  single  particle  densities  of  states.  Physically, 
these  quantities  are  affected  by  the  modification  of  the  dispersion 
relation  E(k)  due  to  the  interactions.  These  "modifications"  are  called 
self— energy  effects  and  are  important,  for  example,  in  superconducting 
tunneling  junctions  and  in  the  many-body  formulation  of  inelastic 
tunneling.  The  application  of  the  many-body  formalism  to  study  metal- 
vacuum  tunneling  in  the  Fowler-Nordheim  regime  (i.e.,  field  emission)  is 
discussed  by  Gadzuk  and  Plummer[1973]  and  Feuchtwang  and  Cutler [ 1976 ] . 

As  an  example  of  the  use  of  the  transfer  Hamiltonian  in  an  independent 
particle  problem,  we  consider  field  emission  into  a  vacuum.  Then,  the 
matrix  element  a(°)  «  MmjV  has  the  form 

M  -  X-  f  \<t>*  V*  -  1  *dS 

m,v  2m  Js  [  v  m  v  *mj 

where  and  are  eigenfunctions  of  the  decoupled  Hamiltonians  for  the 
metal  and  vacuum,  respectively,  and  S  denoted  the  surface  of  separation 
between  metal  and  vacuum.  An  evaluation  of  the  current  proceeds  directly 
from  the  substitution  of  Mni,v  into  Eq.  (4).  A  second  important  example  of 
the  application  of  the  transfer  Hamiltonian  formalism  is  the  calculation 
of  the  tunneling  current  in  the  spherical  tip  model  of  STM  by  Tersoff  and 
Hamann[1983]  and  Chung,  et  al.[1983].  Although  approximate  in  its 
treatment,  it  nevertheless  represented  the  only  practical  way  (i.e., 
computationally  simple)  of  calculating  the  three-dimensional  tunneling 
currents . 

Finally,  a  distinct  advantage  of  this  formalism  is  that  it  stresses  the 
importance  of  the  local  densities  of  states  in  tunneling  currents  which 
can  be  deduced  from  measured  tunneling  currents [Tersoff  and  Hamann,  1983, 
and  Feuchtwang,  et  al.,  1983]. 

Lang[1984]  has  introduced  a  useful  modification  of  the  5ardeen[1961] 
transfer  Hamiltonian  tunneling  theory.  Lang's  formalism  permits  him  to 
calculate  current  density  rather  than  integrated  total  currents.  This 
enabled  Lang[1985]  to  present  an  analysis  of  the  lateral  resolution. 
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A  detailed  discussion  of  the  many-body  theory  of  tunneling  is  beyond  the 
scope  of  this  article  because  of  both  the  mathematical  and  conceptual 
complexities.  However,  we  wish  to  briefly  indicate  the  reasons  for 
interest  in  this  topic.  Most  important  in  a  many-body  formulation  of 
tunneling  is  the  need  to  take  account  of  inelastic  processes  such  as 
electron-electron  and  electron-phonon  interactions  in  order  to  study  them 
experimentally.  A  first  successful  application  of  this  approach  was  the 
study  of  the  phonon  density  of  staces  in  superconductive  tunneling 
[Schrieffer,  J.  R. ,  et  al.,  1963  and  Feuchtwang,  et  al.,  1983],  Formal 
many-body  theories  of  tunneling  based  on  the  Keldysh[ 1965)  transport 
theory  have  been  developed  by  Caroli,  et  al.[1972]  and  Feuchtwang[1976] . 
However,  because  of  mathematical  difficulties,  these  theories  have  not 
been  applied  to  any  realistic  problems.  An  interesting  many-body  effect 
relevant  to  vacuum  tunneling  is  the  dynamical  image  interaction  which  is 
the  time  and  velocity  dependent  potential  experienced  by  a  charge  in  the 
vacuum  moving  relative  to  the  surface .  This  is  to  be  contrasted  with  the 
ordinary  image  interaction  which  is  calculated  for  a  static  charge  outside 
a  solid  surface .  To  determine  the  dynamical  image  charge ,  it  is  necessary 
to  account  for  the  collective  or  many-body  response  of  the  electron  gas  in 
the  metal.  Recent  experiments  on  the  image-potential  bound  states  by 
inverse  photoemission[Riehl ,  et  al.,  1984;  Straub  and  Himpsel,  1986]  and 
STM[Binnig,  et  al.,  1985]  have  prompted  renewed  theoretical  interest  in 
this  subject [Garcia,  et  al.  1985;  see  also  Jonson,  1980  and  Echenique,  et 
al.  1987].  This  will  be  discussed  further  in  the  next  section. 

III.  ELECTRON-SURFACE  INTERACTION  AND  THE  POTENTIAL  BARRIER. 

For  a  free  electron  metal  the  simplest  model  of  a  potential  barrier  at  the 
metal-vacuum  interface  is  a  step  function  whose  height  is  equal  to  the  sum 
of  Fermi  energy  and  the  work  function.  The  discrete  ion  cores  are  assumed 
smeared  out  into  a  uniform  density  of  positive  charge  which  is  referred 
to  as  the  jellium  model.  Stability  of  this  system  in  the  presence  of  the 
conduction  electron  gas  requires  a  spreading  of  electron  charge  density 
beyond  the  step  in  the  positive  jellium.  The  resulting  electric  dipole  is 
the  source  of  the  surface  contribution  to  the  work  function  of  the  metal 
and  the  barrier  that  confines  the  electron  to  the  solid.  Such  a  model 
does  not  exhibit  tunneling  out  of  the  solid  because  the  surface  barrier  is 
of  infinite  width. 

To  induce  tunneling  one  has  to  reduce  the  effective  width  to  less  than 
30A.  The  simplest  way  to  achieve  this  is  to  apply  an  external  electric 
field.  For  the  jellium  model  without  image  interaction,  this  leads  to  a 
triangular  barrier  first  introduced  by  Fowler  and  Nordheim.  This  model  of 
a  field  dependent  barrier  was  extended  to  a  metal-insulator  (vacuum)-metal 
(MIM/MVM)  junction  in  which  case  it  becomes  the  well-known  trapezoidal 
barrier [Simons,  1964],  Both  models  were  refined  by  inclusion  of  the  image 
interaction.  In  the  field  emission  case,  the  simple  image  interaction 
suffices  to  describe  the  dominant  effect  which  leads  to  a  maximum  in  the 
potential  barrier.  This  effect  is  readily  confirmed[Good  and  Mailer, 
1956].  Because  of  the  close  spacing  of  the  electrodes  in  the  MVM 
junction,  it  is  necessary  to  include  the,  multiple  image  interactions.  The 
importance  of  this  has  been  demonstrated  by  the  calculations  of  Miskovsky, 
et  al.[1982]  and  in  the  construction  of  the  three-dimensional  tunneling 
barrier  for  a  model  STM  by  Lucas,  et  al.[1988).  The  multiple-image  theory 
just  discussed  is  completely  classical  and  is  probably  not  valid  for 
distances  less  than  about  2-3A  from  the  surface[Lang  and  Kohn,  1973]. 
Lang  and  Kohn[1973]  calculated  the  quantum  correction  to  the  simple  image 
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interaction  at  a  metal-vacutun  interface.  This  correction  takes  the  form 
of  a  shift  into  the  metal  of  the  classical  image  plane.  Lucas,  et  al. 
[1988]  used  a  similar  but  phenomenological  quantum  correction  of  the 
multiple  image  potential  first  proposed  by  Seitz[1940] .  Other  schemes 
have  been  used  to  approximate  the  multiple  image  interactions  [Simmons, 
1964;  Garcia,  et  al.  1985],  These  are  essentially  phenomenological  fits 
to  a  combination  of  Kohn— Lang  quantum  corrections  and  the  classical 
interactions.  We  note  that,  except  for  the  model  used  by  Lucas,  et  al. 
[1988],  the  image  interactions  described  above  are  effectively  one¬ 
dimensional.  This  follows  from  the  use  of  the  WKB  transmission 
coefficient,  whereas  Lucas,  et  al. [1988]  use  a  three-dimensional 
scattering  formalism  to  calculate  the  effective  tunneling  probability. 
Finally,  there  have  been  numerous  calculations  of  the  surface  potential 
barrier  using  the  density  functional  formalism  and  other  techniques.  This 
is  beyond  the  scope  of  this  review  and  a  detailed  discussion  of  this 
subject  can  be  found  in  the  book  by  Lundquist  and  March  [1983], 

IV.  MULTIDIMENSIONAL  TUNNELING  -  WHY  AND  HOW? 

We  have  previously  alluded  to  the  fact  that  the  multidimensionality  of  the 
tunneling  barrier  becomes  important  when  the  barrier  exhibits  either 
strong  spatial  anisotropies  or  inhomogenities .  This  means  that  the 
potential  function  describing  the  barrier  is  nonseparable  in  any 
coordinate  system  and  hence ,  the  problem  cannot  be  reduced  to  decoupled 
one-dimensional  tunneling.  The  multi-dimensionality  will  manifest  itself, 
especially  in  devices  with  closely  spaced  conducting  electrodes, 
exemplified  by  point-contact  diodes [Feuchtwang,  et  al.,  1983]  STM-like 
j unctions [Binnig,  et  al.,  1987],  vacuum  field-effect  transistors[Huang,  et 
al .  ,  1989],  as  well  as  other  vacuum  microelectronic  structures. 
Ultimately,  the  multidimensionality  is  a  consequence  of  the  close  spacing 
and  the  architecture  of  the  constituent  electrodes . 


In  addition  to  the  transfer-Hamiltonian,  which  is  both  a  many— body  and 
multidimensional  tunneling  theory,  there  is  the  Green  function  scattering 
approach  of  Lucas,  et  al.[1988],  mentioned  earlier  and  a  quasi— classical 
WKB  method  for  multidimensional  tunneling [Huang,  et  al.,  1989].  In  the 
former,  _tunneling  is  treated  as  the  scattering  of  an  incident  plane  wave 
state  |k>  into  scattered  states  The  current  density  j(r)  is 
obtained  from 


j(r) 


r  -  j 

V'b  J; 


k  >0 
z 


dk  *  jk(r) 


where  Vj,  Is  the  forward  bias  and  K  is  a  unit  vector  of  the  incident  plane 
wave,  energy  E. 

V;>  -  air 


is  the  current  density  carried  by  the  scattered  state.  The  current 
density  is  determined  by  calculating  the  scattering  of  the  plane  wave 
incident  on  the  barrier.  In  this  calculation  the  STM  is  modeled  by  two 
parallel  conducting  plates  with  a  hemispherical  boss  on  one  of  them 
representing  the  effective  tip.  The  total  barrier  is  decomposed  into  a 
planar  MVM  junction  and  the  boss  is  treated  as  a  perturbation  localized  in  a  small 
>.egion  where  most  of  the  tunneling  current  occurs.  The  unperturbed  part 
(i.e.,  planar  MVM  barrier)  is  exactly  solvable.  The  unperturbed  wave 
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function  plus  the  known  localized  perturbation  of  the  barrier  due  to  the 
boss  is  used  to  construct  the  full  Green  function,  G,  of  the  total 
tunneling  Hamiltonian  via  the  Dyson  equation.  With  G  known  the  exact 
scattered  wave  functions  | VTc>  can  be  obtained  from  the  Lippmann— Schwinger 
equation.  What  makes  the  scheme  feasible  is  the  localized  nature  of  the 
perturbation.  Because  of  this,  both  the  Dyson  and  the  Lippmann-Schwinger 
integral  equations  can  be  discritized  on  a  finite  grid  covering  the 
spatial  region  where  the  perturbation  does  not  vanish.  Thus,  the  integral 
equation  for  the  tunneling  wave  functions  are  transformed  into  matrix 
equations  easily  handled  on  a  computer. 

Before  discussing  the  results  reported  by  Lucas,  et  a 1.(1988],  we  wish  to 
note  that  a  three-dimensional  computer  calculation  of  the  barrier 
potential  used  in  their  calculations  provides  dramatic  visualization  of 
the  anistropy  and  inhomogeneity  of  the  barrier.  In  particular  the  effects 
of  the  multiple— image  interactions  and  their  quantum  corrections 
accentuate  the  anistropy  of  the  barrier  in  the  region  of  the  tip [see 
Figure  2  in  Lucas,  et  al.  1988] . 

Since  the  tunnel  barrier  has  axial  symmetry,  the  problem  is  effectively 
reduced  to  two  dimensions  (2D) .  It  can  be  shown  that  each  axial  angular 
momentum  component,  m,  in  the  2D  cylindrically  symmetric  wave  function 
contributes  independently  to  the  tunneling  current.  It  is  found  that  the 
tunneling  current  is  dominated  by  the  m-0  cylindrical  wave.  The  total 
current  carried  by  all  the  waves  with  jm|>0  is  less  than  10*  of  the  m-0 
wave.  Therefore,  the  current  is  highly  localized  along  the  axis  of  the 
tip.  A  measure  of  this  is  that  the  current,  at  a  radial  distance  from  the 
tip  axis  equal  to  the  tip  radius,  and  measured  on  the  sample  surface  is 
about  10*  of  its  value  on  the  axis.  It  can  be  concluded  that  this  first- 
principles  multidimensional  tunneling  calculation  confirms  that  the 
lateral  resolution  of  the  STM  has  its  origin  in  the  sharp  anisotropy  of 
the  tunneling  phenomenon  in  the  presence  of  a  three-dimensional  barrier. 

The  second  approach  to  multidimensional  tunneling  theory  is  to  generalize 
the  one-dimensional  WKB  method.  The  method  involves  an  approximation  of 
the  quantum  mechanical  Green  function  which,  in  turn,  yields  the  wave 
function  for  the  tunneling  (i.e.,  scattered)  wave  function.  G  is  a 
weighted  average  of  all  the  particle  "paths”  leading  from  an  initial  state 
(*iici)  to  the  scattered  (i.e.,  transmitted)  state  (rf.tf),  including  all 
possible  paths  through  the  barrier.  The  so-called  semi— classical 
approximation  is  now  invoked  to  exclude  all  paths  except  those  which  obey 
Newton's  equations  for  the  inverted  potential  V(r)  ■*  — V(r)  and  E  -E, 
when  V(r)  is  the  barrier  potential  and  E<V(r) .  These  trajectories  are 
joined  at  the  turning  point  of  the  barrier  to  those  obtained  from  Newton's 
equation  in  the  classically  allowed  regions.  This  procedure  has  been 
justified  theoretically  for  the  special  case  of  particles  incident  normal 
to  the  barrier[Huang,  et  al.,  1989c], 

A  simple  example  which  illustrates  this  procedure [Huang,  et  al.,  1989b]  is 
the  calculation  of  the  current  density  of  a  model  STM  already  described  in 
the  previous  example . 

We  shall  assume,  for  simplicity,  a  square  barrier  with  V(p, z)  -  Vm,  a 
constant,  in  the  forbidden  (barrier)  region  and  V  -  V0  inside  the  metal 
electrodes.  In  addition,  only  the  case  of  current  from  tip  to  sample 
surface  is  treated,  although  this  is  not  essential  to  the  result.  Then 
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Op  f  *k 

j(p>  -  (ffyr  J  d3k  Dk<P)j=f(E)[l  -  f(E+eV)] 

where  D^p)  is  given  by  Dy^Cp) •  In  the  WKB  phase  integral, 

n(p,z)  —  [ V ( p , z)  —  E]^.  For  emission  normal  from  the  hemispherical 

tip,  the  current  follows  "semiclassical "  radial  trajectories.  For  this 
model 

j(p.z)  oc  -  exp  |-2<c^|(d  +  Rt>2  +  p2  -  R)jj 


where  k  is  now  a  constant,  (Vm  -  E) ,  R  is  the  radius  of  the  tip,  d  is 

the  smallest  tip— sample  separation  distance  and  p  is  a  radial  coordinate 
in  the  sample  surface  with  an  origin  on  the  tip  axis.  The  resulting 
localized  current  distribution  as  a  function  of  p  on  the  sample  surface 
agrees  qualitatively  with  the  results  obtained  by  Lucas,  et  al.[1988]. 

These  examples  are  intended  to  demonstrate  the  feasibility  of  calculating 
multidimensional  transmission  probabilities.  These  calculations  are,  in 
general,  quite  complex.  The  theories,  as  currently  formulated,  do  not 
lend  themselves,  as  yet,  to  the  development  of  a  sufficiently  simple 
algorithm  for  practical  use.  There  is,  however,  the  special  case  of  a 
tunneling  electron  which  is  incident  normally  on  the  barrier  interface 
V(r)  -  E,  as  described  in  the  last  example.  Nevertheless,  regardless  of 
the  present  difficulty  in  implementing  the  calculation  of  multidimensional 
tunneling,  we  wish  to  stress  the  importance  of  this  effect  in 
realistically  describing  the  operation  of  nanometer  scale  vacuum 
microelectronic  devices.  That  is,  in  systems  in  which  the  deBroglie 
wavelength  of  the  tunneling  electron  is  comparable  to  the  radius  of 
curvature  of  constituent  electrodes  in  the  device. 

V.  SUMMARY 

In  this  paper  we  have  presented  a  concise  review  of  tunneling  theory 
beginning  with  the  Fowler-Nordheim  model  of  field-emission  and  extending 
through  the  more  sophisticated  formulations  of  tunneling  in  terms  of 
scattering  theory,  and  the  transfer-Hamiltonian  formalism.  In  this 
presentation,  the  focus  was  not  so  much  on  mathematical  details,  but 
rather  on  the  physical  content  of  the  particular  model  for  tunneling  and 
on  the  limitations  of  its  applicability.  The  role  of  the  electron-surface 
interaction  and  the  models  for  the  resulting  effective  potential  barrier 
was  also  considered.  In  particular,  the  importance  of  the  classical 
multiple  image  interaction  in  contributing  to  the  anisotropy  of 
multidimensional  barrier  in  close-spaced  junction  was  emphasized.  Quantum 
corrections  to  the  image  potential  were  also  noted.  For  nanometer  scale 
devices,  a  variety  of  shape  and  size  effects  manifest  themselves  requiring 
a  more  careful  analysis  of  the  inherently  multidimensional  tunneling 
barrier.  Two  recently  developed  approaches  of  multidimensional  tunneling, 
a  Green  function  method  and  a  quasi-classical  WKB  formalism,  were 
described  in  some  detail  and  illustrated  by  presenting  results  of  the 
current  density  in  a  model  STM  obtained  with  these  methods.  Since  the  STM 
is  a  prototype  vacuum  microelectronic  device,  these  results  have  special 
significance  to  the  full  class  of  such  devices. 
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Monte  Carlo  calculation  and  vacuum  emission  experiments  of  hot  and 
ballistic  electrons  from  MIS-structures 


H.-J.  Pitting 

Sektion  Physik  der  Wilhelm-Pieck-Universitat  Rostock 
Universitatsplatz  3,  DDR-2500  Rostock,  German.  Dem.  Rep. 

ABSTRACT:  By  means  of  iMC-simulation  of  electron  LO  - 

phonon  scattering  we  get  transport  parameters  like 
electron  mobility,  .saturation  drift  velocity,  breakdown 
field  strength,  and  the  following  "runaway"  of  the  mean 
electron  energy  with  field  strength  and  drift  distance  in 
SiO?,  AlpO^,  Ta20t-,  and  ZnS-layers.  Electron  field 
emission^measurements  from  .^IS  structures  into  vacuum 
maintain  the  uiC-calculations  and  do  not  indicate  an 
electron  energy  stabilization  at  few  eV  as  has  been 
predicted  by  strong  acoustic  phonon  coupling  but  give 
evidence  for  high  probability  of  intrinsic  avalanching  in 
Si0o  below  10  i«.V/cm, 


Hot  electron  transport  and  electronic  breakdown  processes 
play  key  role  in  «10S  technology  because  the  lead  to 
threshold  voltage  shifts  or  even  damage  of  field  effect 
devices.  On  the  other  hand,  these  effects  can  be  used  for 
controlled  charge  injection  and  storage  in  memory  devices 
like  (EjiCPROiu's.  Vie,  Pitting  and  Priemann  (1982)  have 
started  to  calculate  the  energy  balance  of  hot  electrons  in 
Si0„  from  the  interaction  with  high  energetic  LO-phonons  and 
the^electric  field.  The  corresponding  ikonte-Carlo  simulations 
were  performed  on  the  Prbhlich-theory  of  electron-LO-phonon 
interaction  taking  into  account  the  full  energy  and  momentum 
balance  under  phonon  creation  and  annihilation.  In  following 
years  Pitting  et  al.  (1982,  1983,  1984,  1986)  have  extended 
these  calculations  to  electronic  breakdown  processes, 
electron  attenuation  and  electron  emission  from  insulating 
layers.  Regarding  electron  transport  in  electric  fields  we 
find  as  expected  below  the  runaway  field  strength  P  steady 
state  drift  velocities  vD  which  can  be  expressed  by°an 
electron  mobility  jx  according 


-A 


1  +  /-F 

”do 


(1) 


with  the  well-known  saturation  behaviour  vD(F-*F  )  =  vnn, 

Pig.  1.  In  Tab.  1  material  parameters,  the  resulting  uu 
mobilities  and  runaway  field  strength  values  are  presented 
for  the  different  oxides  and  the  I I -VI  compound  semicond.  ZnS. 
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Pig.  1  i.lC-drift  velocity  vQ  in  dependence 
on  field  strength  F 
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Obove  the  critical  field  strength  F  the  energy  distribu¬ 
tions  become  instable,  i.e.  electrons  are  being  heated  up 
with  increasing  drift  path  and  field  strength  F>  F  and 
finally  approach  to  ballistic  transport  is  observed°for  high 
fields  F£lO  MV/cm,  Fitting  and  Czarnowski  (1986). 

But  here,  when  electron  energy  is  exceeding  the  ionization 
threshold  for  the  valence  band  E>E  “9  eV  the  question  for 
the  next  relevant  interaction  mechanism  arises. 

Fischetti  (1984),  Brorson  and  DiMaria  et  al.  (1985),  Porod 
and  Ferry  (1985)  have  taken  into  account  additional  acoustic 
phonon  scattering,  an  almost  elastic  interaction  but 
increasing  the  scattering  path  for  LO-phonon  energy  losses. 
Thereby_they  get  an  energy  stabilization  with  an  average 
value  Ec:(4_a)eV,  still  below  the  valence  band  ionization 
threshold  E  . 

A  direct  prove  can  be  performed  by  vacuum  emission  experi¬ 
ments  from  MOS  samples.  Fig.  2.  Results  for  mean  energy 
values  2  of  emitted  electrons  are  presented  in  Fig.  3  and 
compared  with  MC  values  obtained  for  the  same  layer  system. 

In  both  cases  the  mean  energy  values  increase  with  electrical 
field  above  runaway  field  strength  F  .  Although  the 
experimental  vacuum  emission  curve  becomes  flatter  for 
higher  field  strengths  F  >  4  MV/cm  no  stabilization  of  the 
mean  energy  at  some  eV  is  observed.  More_over  this 
flattening  seems  to  start  with  gradually  transition  to 
impact  ionization  of  valence  band  electrons  with  electron 
energies  E  as  known  from  secondary  electron  emission, 

Alig  and  Bloom  ($978).  This  is  maintained  by  appearence  of 
positive  holes  in  stressed  MOS  systems  as  well  as  by  the 
wellknown  decrease  of  breakdown  field  strength  FB  and 
necessary  breakdown  charge  QB  leading  to  macroscopic  damage 
of  MOS  capacitors,  Fitting  (T989),  consistent  with  the 
conventional  avalanching  break  down  model  of  Di  Stefano  and 
Shatzkes  (1976),  Solomon  (1977)  and  Klein  (1978). 

The  correlation  between  the  phonon-only  scattering  (MC  -  calculations)  and  the  vacuum 
emission  energy  distribution  are  shown  in  Fig.  4.  These  results  arc  presented  along  with  a 
schematic  valence  band  excitation  model  which  is  consistent  with  the  observed  properties  of 
the  MOS  sample  investigated.  This  model  with  hole  migration  and  capture  at  the  SiO/Si 
interface  and  electron  trapping  over  the  whole  volume  is  able  to  account  for  the  discrepancies 
between  the  MC  calculations  and  the  experimental  results. 
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Pig.  4  Potential  scheme,  4»C  calculation  and  vacuum 

emission  under  valence  band  excitation  of  the 
iviOS  sample  biased  with  =  50  V 
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ABSTRACT:  The  nature  of  charge  transport  is  being  investigated  using  particle 
trajectory  and  effective  quantum  potential  concepts  through  the  Wigner  distribution 
function  analysis  and  the  Schrodinger  wave  packet  approach.  The  goal  is  to  unite 
the  particle  trajectory  description  of  quantum  transport  with  particle  Monte  Carlo 
analysis  so  as  to  obtain  simulations  which  will  include  scattering,  self-consistency, 
multidimensionality,  and  tunneling  phenomena.  Statistics  of  “particle"  trajectories 
can  be  used  to  calculate,  for  example,  tunneling  times  in  a  substantially  different 
manner  than  previous  techniques,  to  calculate  currents  through  devices,  and  to  iden¬ 
tify  resonant  tunneling  behavior. 

1.  INTRODUCTION 

The  field  of  band-gap  engineered  electronic  materials  and  devices  may  be  considered  to 
include  vacuum  microelectronic  devices  by  considering  vacuum  as  a  “semiconductor 
material"  of  very  large  band  gap,  equal  to  twice  the  rest  mass  energy.  Most  formula¬ 
tions  of  quantum  transport  proceeded  by  assuming  slow  spatial  and  temporal  variation  in 
a  system  leading  to  the  so-called  quantum  Boltzmann  equation  (QBE)  (Mahan  1987, 
Jauho  1985,  Khan,  et  al.  1987)  and  therefore  essentially  preclude  full  quantum  tunneling 
and  interference  effects.  On  the  other  hand,  for  noninteracting  particle  quantum  tran¬ 
sport,  the  statistical  Wigner  distribution  transport  equation  has  been  numerically  applied 
to  open-nonequilibrium  systems  to  yield  very  useful  results,  demonstrating  steady-state 
(Ravaioili,  et  al.  1985)  and  transient  current-voltage  characteristics  of  resonant-tunneling 
structures  (Frensley  1987,  Jensen,  et  al.  1989a).  It  has  never  been  an  easy  task,  nor  has 
it  been  attempted,  to  include  both  full  many -body  effects  and  full  quantum  effects  in  the 
numerical  simulation  of  quantum  transport,  particularly  for  open  and  multidimensional 
systems.  Thus,  it  seems  clear  that  some  ingenuities  are  further  required  to  attack  quan¬ 
tum  transport  in  realistic  multidimensional  devices. 

The  ensemble,  self-consistent  particle  Monte  Carlo  (MC)  technique  (Hockney,  et  al. 
1981)  has  proved  to  be  a  very  powerful  numerical  technique  for  including  all  scattering 
mechanism,  space  nonuniformity,  and  all  transient  effects.  Moreover,  this  “brute  force" 
numerical  technique  remarkably  allows  for  iterative  and  constant  refinements  of  the 
transport  physics  model  in  the  computer  program.  Since  in  most  quantum-based  devices, 
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the  “quantum  region”  is  a  small  portion  of  the  whole  device,  coupling  of  quantum  tran¬ 
sport  technique  with  MC  technique  seems  imperative.  Thus  far,  the  incorporation  of 
quantum  effects  in  the  MC  procedure  to  include  space  and  time-dependent  quantum 
processes  has  never  been  attempted,  until  very  recently  (Buot,  et  al.  1988),  using  the 
notion  of  traveling  wavepacket/quantum  potential  particle  trajectories,  first  proposed  by 
Bohm  for  a  causal  interpretation  of  quantum  mechanics  (Bohm,  et  al.  1979,  Dewdney,  et 
al.  1982),  to  form  an  “impedance  match”  between  MC  and  quantum  transport.  Scatter¬ 
ing  within  the  barrier  can  be  handled  in  two  ways,  namely,  (a)  heuristically,  by  following 
the  usual  MC  procedure  for  changing  the  momentum  at  each  scattering  event,  after  which 
the  particle  continue  to  “surf  ride”  the  traveling  wave  packet  representing  the  particle 
across  the  barrier,  or  (b)  by  incorporating  built-in  scattering  in  the  quantum  transport  for¬ 
mulation  across  the  “barrier  region.”  One  of  the  authors  (Buot  1989),  has  generalized 
the  Wigner  distribution  function  transport  equation  to  include  all  scattering  and  many- 
body  effects,  suitable  for  numerical  simulation.  Wigner  trajectories  also  have  been  inves¬ 
tigated  (Jensen,  et  al.,  1989b). 

2.  BOHM  TRAJECTORY  REPRESENTATION  OF  QUANTUM  TRANSPORT 

An  interpretation  of  quantum  transport  in  terms  of  elementary  processes  or  particle  trajec¬ 
tories  has  been  achieved  (Bohm.  et  al.  1979,  Dewdney,  et  al.).  To  calculate  particle  tra¬ 
jectories,  one  integrates  the  velocity  of  the  particle  given  by  v  =  V S/m  starting  from  an 
initial  position  in  a  traveling  wave  packet  (Dewdney,  et  al.  1982),  where 

\p  =  R  exp  —  5,  and  R  and  £  are  real.  The  quantum  potential  is 

Q  -  -  (h2  /2m/?)  V  2R,  and  arises  in  the  imaginary  part  of  Schrodinger’s  Eq. 

2.1  Numerical  Results 

Single  barrier  trajectories  have  been  discussed  by  Dewdney,  et  al.,  (1982).  Examination 
of  double  barrier  trajectories  reveal  that  the  rear  trajectories  exhibit  behavior  analogous  to 
the  single  barrier.  However,  two  difference  features  exist:  first,  as  can  be  seen  in  Fig.  1, 
some  of  the  trajectories  are  involved  in  filling  up  the  well.  Indeed,  simulations  at  higher 
and  lower  momenta  do  not  show  this  effect  as  strongly.  Second,  comparison  of  Fig.  1  to 
other  simulations  at  slightly  higher  and  lower  momenta  show  that  the  number  of  tunneling 
trajectories  is  higher  at  the  resonant  energy  level.  These  results  strongly  suggest  that  the 
trajectory  approach  is  very  useful  for  examining  the  resonant  behavior  of  quantum  well 
devices.  Finally,  an  estimation  of  the  tunneling  times  may  be  made  on  the  basis  of  these 
trajectories:  the  fastest  tunneling  one  does  so  on  the  order  of  41  femtoseconds.  Note  that 
most  of  the  interesting  dynamics  has  occurred  by  about  the  130  femtosecond  mark,  which 
should  be  compared  to  the  180  fs  switching  time  from  the  current  peak  bias  to  the  current 
valley  bias  for  similar  structures  (Frensley  1987,  Jensen,  et  al.  1989a). 

3.  WIGNER  TRAJECTORY  REPRESENTATION  OF  QUANTUM  TRANSPORT 

An  alternative  trajectory  representation  of  nonequilibrium  quantum  processes  which  has 
been  very  useful  in  estimating  scattering  cross  section  in  reactive  molecular  scattering 
processes  is  achieved  by  means  of  Wigner  trajectories  (Lee,  et  al.  1983).  In  general,  the 
time  evolution  equation  of  the  Wigner  distribution  equation  can  be  obtained  by  application 
of  Weyl  transform  (Buot  1986)  to  the  time  evolution  equation  of  the  density  matrix  opera¬ 
tor  of  a  nonequilibrium  system.  The  numerical  implementation  of  the  resulting  equation, 
with  the  boundary  condition  for  resonant-tunneling  diode  (RTD),  or  double-barrier  struc- 
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Fig.  1.  Double  barrier  resonant  tunneling 
trajectories  for  a  Schrodinger  Wave  packet: 
potential  height  =  0.3  eV,  potential  well 
=  50  A,  barriers  =  30  A;  wave  packet 
spread  a  =  100  A;  mass  of  particle  = 
0.0667  mo,  kinetic  energy  =  0.087  eV. 
Dashed  lines  show  location  of  barrier  edges. 


ture,  has  been  described  in  detail  by  Frensley  (1987).  A  more  accurate  numerical  algo¬ 
rithm  suitable  for  calculating  Wigner  trajectories  has  been  found  by  Jensen  and  Buot 
(1989a,  1989b).  Wigner  trajectories  can  be  easily  determined  as  discussed  in  Jensen  et 
al.  (1989b).  The  equations  of  motion  completely  determine  the  dynamics  of  Wigner 
phase-space  trajectories. 

3.1  Numerical  Results 

Wigner  trajectories  are  simulated  for  single  barrier  and  double-barrier  structures.  For 
single  barrier  structures,  and  in  order  to  show  the  relation  between  Bohm  trajectories  and 
Wigner  trajectories,  both  the  Bohm  trajectories  and  Wigner  trajectories  are  obtained  from 
the  same  traveling  Wigner  distribution  wave  packet,  obtained  as  a  Weyl  transform  of 
Schrodinger  wave  packet.  The  double-barrier  steady-state  trajectories  have  been  fully  dis¬ 
cussed  in  Jensen  et  al.,  (1989b).  Most  calculations  of  tunneling  times  (a  particle  trajec 
tory  concept)  are  based  on  an  “arbitrary”  use  of  traveling  wave  packet  (Huang,  et  al. 
1988)  our  calculations  are  unique  in  that  it  is  based  on  “microscopically”  examining  the 
elementary  and  individual  space-time  dependent  events  in  a  tunneling  process. 

Although  we  can  apply  the  method  of  Jensen  et  al.,  (1989b)  for  calculating  the  Wigner 
trajectories  for  a  single-barrier  structure  at  steady  state,  we  have  chosen  to  simulate  a 
truly  time-dependent  problem,  i.e.,  calculate  Wigner  trajectories  from  a  traveling  Wigner 
wave  packet.  In  order  to  show  the  relation  between  Bohm  trajectories  and  Wigner  trajec¬ 
tories,  we  have  also  calculated  the  Bohm  trajectories  from  the  same  Wigner  wave  packet. 
To  calculate  the  Bohm  trajectories  from  the  traveling  Wigner  wave  packet  we  calculate 
the  velocity  of  the  particle  at  each  point  in  space  as  from  the  average  momentum,  which 
is  numerically  equal  to  V S/m  from  the  Schrodinger  wave  packet.  Notice  that  in 
the  present  case,  the  calculation  of  the  particle  trajectory  representation  of  quantum  tran¬ 
sport  involves  a  truly  time-dependent  problem  since  we  are  dealing  with  a  traveling 
Wigner  wave  packet. 

We  have  found  that  the  Bohm  trajectories  obtained  from  both  the  Schrodinger  wave 
packet  and  the  corresponding  Wigner  wave  packet  show  an  exact  resemblance,  and 
clearly  indicates  that  the  particle  velocity  in  the  Bohm  trajectories  are  averaged  velocities 
calculated  from  the  Wigner  distribution  function.  The  corresponding  Wigner  trajectories 
determined  from  the  traveling  Wigner  wave  packet,  for  a  truly  time-dependent  transport 
problem,  are  shown  for  the  first-time  in  Fig.  2. 
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Fig.  2.  Wigner  trajectories  for  a 
traveling  Wigner  wave  packet. 
Center  momentum  of  packet  is 
0.06  A-*,  and  spread  is  a  =  35 
A .  Gaussian  potential  is  centered 
at  300  A,  and  is  shown  on  the 
bottom  of  the  graph.  Initial  posi¬ 
tions  of  all  trajectories  are  at 
*0  +  2<r,  where  Jto  is  the  initial 
center  of  the  packet. 


POSITION  (A) 


4.  CONCLUSION 

In  conclusion,  the  techniques  of  calculating  phase  space  trajectories,  their  behavior  and 
energetics,  particle  currents,  and  the  tunneling  times  associated  with  them  (Jensen,  et  al. 
1989b),  allows  for  the  development  of  a  physical  intuition  about  the  actual  mechanism  of 
quantum  transport.  That  the  trajectories  calculated  above  support  localized-particle  tran¬ 
sport  ideas,  tends  to  give  physical  meaning  to  Bohm  and  Wigner  trajectories  themselves, 
and  their  useful  correspondence  with  the  quantum  trajectories  of  actual  particles.  Such  a 
favorable  relationship  can  be  expected  to  impact  on  numerical  simulations  in  which  the 
dynamics  of  the  actual  particles  are  needed  in  “multidimensional”  and  realistic  electronic 
device  transport  calculations. 
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ABSTRACT:  Breakdown  voltages  and  electron  emission  properties  of  PIN 

diodes  at  fields  of  1-1.5. 10®  V/cm  are  presented  and  compared  with  model 
calculations.  A  possible  explanation  of  the  observed  differences  between  theory 
and  experiment  would  be  ,  beside  uncertainties  in  dopant  concentrations, 
saturation  of  the  avalanche  breakdown  at  high  fields.  The  present  model  for 
cold  cathodes  overestimates  tunnelling.  The  measured  electron  temperatures 
qualitatively  agree  with  the  theory  by  Bartelink. 


1. INTRODUCTION 

In  literature,  data  for  the  avalanche  breakdown  process  in  silicon  have  been 
published  for  electric  fields  around  4.10s  V/cm.  The  silicon  cold  cathode  , 
consisting  of  a  reverse  biased  pn  junction,  offers  an  example  of  a  device  where 
field  strengths  of  1-2.10®  V/cm  are  reached.  These  high  fields  will  also  be 
present  in  the  next  generation  of  MOS  transistors.  It  is  by  no  means  certain 
that  avalanche  breakdown  parameters  valid  at  low  fields  are  also  correct  at 
high  fields.  Also  at  these  high  fields  a  mixed  breakdown  occurs  i.e.  both  impact 
ionization  and  tunnelling  contribute  to  the  current  in  the  device. 

Breakdown  voltages  of  PIN  diodes,  which  have  a  constant  field  inside  the 
intrinsic  layer,  make  a  comparison  with  existing  avalanche  breakdown  data  sets 
possible.  An  analysis  of  the  electron  emission  properties  of  PIN  silicon  cold 
cathodes  allows  for  improvement  of  the  existing  model  for  silicon  cold  cathodes. 
The  present  model  (van  Gorkom  and  Hoeberechts  1986)  is  based  on  an  abrupt 
junction  where  e.g.  the  field  changes  rapidly  over  distances  short  compared  to  the 
tunnelling  lengths.  In  section  2  a  theoretical  background  is  given.  In  section  3 
experimental  details  are  described.  In  section  4  the  experimental  data  are 
compared  with  model  calculations.  Finally  in  section  S  some  conclusions  are  given. 

2. THEORY 

The  basic  mechanism  in  silicon  cold  cathodes  is  the  impact  ionization  process 
occurring  in  avalanche  breakdown,  see  e.g.  Moll  (1964). 

The  impact  ionization  process  occurring  in  these  cathodes  can  be  characterized 
by  the  electron  multiplication  factors  5„  (electrons/cm)  and  £p  (holes/cm),  which 
depend  on  the  field  E  in  the  depletion  layer,  where 

(1)  a„-  An.exp(-Bn/E) 

V  Ap.expf-Bp/E) 

For  the  parameters  An,  Ap,  Bn  and  Bp  several  data  sets  exist  e.g.  Lee  (1964), 
Grant  (1973)  ,  Decker-Dunn  (1975)  and  van  Overstraeten-de  Man  (1970). 
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In  the  case  of  an  ideal  PIN  structure,  i.e.  where  both  p  and  n  concentrations  are 
infinitely  high,  the  breakdown  field  can  be  calculated  analytically  (Moll  1964), 
using  eq.(2): 

(2)  1  -  V(V  *»)■  (e*P((  Ip-InKM). 
where  d  is  the  i-layer  thickness. 

Thus  given  the  parameters  and  &p  one  can  calculate  the  electric  field  E  at 
breakdown  using  eq.  (1)  and  (2).  The  breakdown  voltage  VB  is  then  given  by: 

(3)  VB«  E.d 

In  the  case  of  the  silicon  cold  cathodes  with  high  electric  fields  a  mixed 
breakdown  occurs  i.e.  both  avalanche  breakdown  and  tunnelling  occur,  which  can 
be  modeled  (van  Gorkom  and  Hoeberechts  1986): 

(4)  djn(x)/dx=(  in-  Sp)jn  +  5pJd  +  At.E1.exp(-Bt/E) 

where  jn(x)  is  the  electron  current  density  and  Jd  the  total  current  density 
(electrons  and  holes).  The  tunnelling  is  characterised  by  the  parameters  At  and 
Bt,  which  are  very  uncertain  as  the  field  changes  rapidly  over  distances  shorter 
than  the  tunnelling  mean  free  path.  Van  Gorkom  and  Hoeberechts  (1986)  assumed 
At=  40  A/VJ.cm  and  Bt-J. 6. 107  V/cm. 

The  condition  for  breakdown  is  jn(W)=Jd,  where  W  is  the  depletion  layer  width. 
This  equation  can  be  numerically  solved,  resulting  in  a  value  of  the  breakdown 
voltage  for  given  dopant  distribution  and  i-layer  width.  A  correction  has  to  be 
applied  for  a  "dead  space”  i.e.  there  is  a  minimum  energy  necessary  for  electron 
generation  (1.1  eV)  and  hole  generation  (2.0  eV). 

Experimentally  it  was  found  that  the  total  number  of  electrons  N  emitted  by 
silicon  cold  cathodes  as  a  function  of  the  workf unction  a  of  the  surface  can  be 
described  by: 

(5)  N  -A.exp(-o/kTe) 

where  Te  is  an  effective  electron  temperature,  which  is  equal  to  the  electron 
temperature  deduced  from  the  Maxwellian  electron  energy  distribution  and  A  a 
constant.  Bartelink  et  al  (1963)  predict  a  close  to  linear  relation  between 
electron  temperature  and  the  effective  electric  field  in  the  diode.  Thus  the 
measured  values  of  kTe  can  be  used  to  check  this  theory. 

3.  EXPERIMENTAL  DETAILS. 

The  PIN  emitters  consisted  of  a  p+  layer  defined  by  B  implantation  in  an  epi 
substrate,  on  top  of  which  an  i-layer  was  grown  using  silicon  molecular  beam 
epitaxy.  The  background  concentration  in  the  intrinsic  layer  was  2.1015 
atoms/cm*.  The  n++  layer  was  defined  by  a  5  kV  As  implantation  in  the  MBE 
grown  layer,  annealed  at  700°C. 

The  breakdown  voltages  were  measured  by  extrapolating  the  I-V  curve  at  reverse 
bias  currents  between  0.5- 1.0  mA  towards  zero  current.  The  emission  properties 
of  the  diodes  according  to  eq.(5)  as  a  function  of  work  function  were  measured 
in  a  Vacuum  Generators  Escalab  MKII. 

The  surface  work  function  was  varied  by  controlled  barium  deposition.  The 
variations  in  work  functions  were  obtained  by  measuring  the  change  in  the  onset 
of  secundary  emission,  as  induced  by  X-ray  irradiation.  Surface  barium  coverages 
were  measured  using  XPS  and  Auger.  Before  barium  deposition  about  0.4 
monolayer  (ML)  of  oxygen,  about  0.1  ML  of  carbon  and  0.2  ML  of  fluorine  were 
present. 

To  be  able  to  determine  the  influence  of  the  actual  dopant  distribution  on  the 
model  a  program  was  written,  which  allows  for  numerical  integration  of  equation 
(4).  The  model  calculates  the  local  electric  field  and  the  avalanche  contribution  at 
every  point.  A  dead  space  correction  and/or  a  tunnelling  contribution,  using  the 
values  described  in  the  previous  section  can  be  applied. 
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4.  RESULTS  AND  DISCUSSION 


Cathodes  were  manufactured  with  3 
different  nominal  i-layer  thicknesses:  40 
nm-70  nm-100  nm  .  The  nominal  i-layer 
thicknesses  were  determined  by  subtrac¬ 
tion  of  the  width  of  the  As  implanted 
layer  from  the  MBE  deposited  intrinsic 
layer.  The  diode  characteristics  in 
reverse  bias  are  shown  in  figure  1,  the 
breakdown  voltages  deduced  from  these 
graphs  are  given  in  table  1.  The  measur¬ 
ed  dependence  of  the  emission  current 
on  workfunction,  obtained  by  varying 
the  barium  coverage,  could  be  fitted 
using  (5).  The  resultant  values  of  kTe 
are  also  given  in  table  1,  as  well  as  the 
electric  fields  present  calculated  using 

(3). 

Table  1 


i-layer 

V, 

E 

kl. 

(nm) 

(V) 

(10*  V/cm) 

(eV) 

40 

6.1 

1.5 

0.36 

70 

7.1 

1.0 

0.25 

100 

8.6 

0.9 

0.23 

To  compare  the  actual  breakdown  voltages  with  theory  the  breakdown  voltages  as 
a  function  of  i-layer  width  were  also  calculated  using  the  data  sets  by  Grant 
(1973),  Lee  (1964),  Decker-Dunn  (1975),and  van  Overstraeten-de  Man  (1970).  From 
the  calculated  breakdown  voltages  ,  the  built  in  potential  (1.0  eV)  has  to  be 
subtracted  to  get  the  plotted  experimental  breakdown  voltages. 

The  experimental  results  and  the  calculated  ones  for  the  ideal  pin  diode  are  plot¬ 
ted  in  figure  2  .  It  is  seen  that  there  are  strong  differences  between  the  various 
data  sets  ,  especially  for  thin  i-layers  thus  at  high  fields.  The  data  by  Grant  and 
van  Overstraeten-de  Man  give  similar  results  at  high  fields.  The  experimental  b- 
reakdown  voltages  are  about  1-2  V  higher  than  the  model  calculations  predict.  To 
explain  this  first  the  influence  of  the  actual  dopant  distribution  on  the  breakdown 
voltage  was  investigated.  The  actual  As  distribution  (peak  4.1019  at./cms)  has  only 
little  influence  (  0.1 -0.2  V)  on  the  breakdown  voltage.  The  background  concentra- 


l-layer  (nm)  - • 

Figure  2:  Breakdown  voltage  as  a 
function  of  i-layer  thickness  for 
various  impact  ionization  datasets  as 
calculated  and  the  experimental  PIN 
results. 


I-layer  (nm)  - *- 

Figure  3:  Calculated  breakdown 
voltage  as  a  function  of  i-layer 
thickness  for  various  conditions  using 
the  Overstraeten-de  Man  parameters. 
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strongly  influencing  the  field  ,  and 
hence  the  breakdown  voltage  is  the 
boron  concentration.  To  see  how  the 
tunnelling  contribution  and  or  the  dead 
space  correction  influence  the  results, 
the  breakdown  voltage  was  calculated  as 
a  function  of  i-layer  thickness  for 
various  Boron  concentrations  in  three 
cases  (i)  ideal  case  according  to  eq.(2) 

(ii)  incorporating  a  dead  space  correc¬ 
tion  using  eq.(4)  (iii)  incorporating  a 
dead  space  correction  and  a  tunnelling 
contribution  using  eq.(4).  The  results  for 
the  model  by  van  Overstraten-de  Man 
are  given  in  figure  3.  The  results  for 
the  Grant  parameters  are  similar.  It  is 
seen  that  below  40  nm  layer  thickness 
i.e.  at  fields  larger  than  1.10®  V/cm 
tunnelling  becomes  important,  decreasing 
the  breakdown  voltage  strongly  for  B 
concentrations  above  1.1018  atoms/cms.  As  the  deviation  with  experiment  is  strong 
it  is  expected  that  the  present  model  overestimates  the  tunnelling  contribution,  in 
agreement  with  the  results  by  Hurkx  (1989),  who  measured  much  lower  tunnel 
currents.  The  dead  space  correction  only  results  in  about  0.5  V  shifts  in  the 
breakdown  voltage.  The  experimentally  observed  breakdown  voltages  can  be  ex¬ 
plained  if  the  boron  concentration  is  much  lower  than  expected  (1.1018  instead  of 
8.1018  atoms/cms).  Unfortunately  it  was  not  possible  to  check  this  in  the  present 
emitters  using  e.g.  SIMS.  Another  explanation  would  be  that  the  multiplication 
process  saturates  at  field  strengths  near  2. JO®  V/cm. 

The  values  of  kTe  as  a  function  of  electric  field  are  plotted  in  figure  4  to  com¬ 
pare  with  the  theory  of  Bartelink  (1963)  and  previous  results  for  pn  cold  catho¬ 
des.  The  theoretical  curve  was  deduced  for  a  constant  electric  field.  The  error 
bars  in  the  experimental  data  for  pn  emitters  and  Bartelink  et  al.  are  due  to 
uncertainties  in  taking  a  suitable  mean  electric  field.  For  the  PIN  diodes  the  field 
is  constant  .  These  data  points  are  qualitatively  in  agreement  with  the  theory  by 
Bartelink  ,  although  the  values  are  lower. 

5.  CONCLUSIONS 

The  measured  breakdown  voltages  of  3  different  PIN  diodes  with  electric  fields 
of  1-1.5.106  V/cm  cannot  be  fully  explained  using  the  existing  avalanche  break¬ 
down  parameter  sets.  A  possible  explanation  would  be  saturation  of  the  avalanche 
process  in  thin  i-layers  (high  fields).  Further  experiments  are  planned  to  clarify 
this  point.  For  the  dependence  of  the  effective  electron  temperature  kTe  on  the 
electric  field  ,  there  is  qualitative  agreement  with  the  theory  by  Bartelink  et  al. 
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Figure  4:  Electron  temperature  as  a 
function  of  the  electric  field.  Full 
curve:  theory  of  Bartelink. 
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Theoretical  study  of  the  scanning  tunnelling  microscope 


Th  Laloyaux,  A  A  Lucas,  J-P  Vigneron  and  Ph  Lambin 

Facult6s  universitaires  ND  dc  la  paix,  61  rue  de  Bruxelles,  B5000  Namur  Belgium 
HMorawitz 

IBM  Almaden  Research  Center,  650  Harry  Road,  San  Jose  California  95120 

ABSTRACT:  A  model  of  scanning  tunneling  microscope  (STM)  composed  of  a  planar 
metallic  surface  with  a  hemispherical  protrusion  in  front  of  a  planar  metallic  surface  is 
studied  using  the  numerical  finite-element  method  to  solve  the  Schrddinger  equation  and 
find  the  tunneling  current  and  its  spatial  distribution.  From  the  results  for  various  values  of 
the  tip  radius  and  the  tip-sample  distance,  conclusions  are  drawn  about  the  resolution  of  the 
STM  and  the  behaviour  of  the  tunneling  current  when  the  tip  is  moved  away  from  the 
surface. 


1.  INTRODUCTION 

The  scanning  tunneling  microscope  (STM),  invented  by  Binnig  et  al  (1982)  is  an  instrument 
capable  of  investigating  (semi)conducting  surfaces  down  to  the  atomic  scale.  It  is  composed 
of  a  very  thin  tip  mounted  on  a  piezodrive  and  approached  a  few  angstroms  away  from  the 
sample  surface.  A  potential  difference  applied  between  these  two  electrodes  gives  rise  to  a 
current  carried  by  the  conduction  electrons  of  the  tip  and  the  sample,  which  tunnel  across  the 
vacuum  gap.  The  transmission  coefficient  of  a  potential  barrier  is  known  to  be  strongly 
dependent  on  the  barrier  width.  So,  the  tunneling  current  is  very  sensitive  to  the  tip-sample 
distance.  While  the  tip  scans  the  surface  along  the  two  horizontal  coordinates  (X  and  Y),  its 
vertical  position  (Z)  is  adjusted  by  a  feed-back  loop  in  such  a  way  that  the  tunneling  current  (or 
its  derivative  with  respect  to  Z)  remains  constant.  The  record  of  the  3D  surface  described  by 
the  tip  in  the  (X, Y,Z)  space  is  called  an  STM  image  and  contains  informations  about  the 
surface  topography  and  electronic  structure  of  the  sample. 

In  order  to  gain  a  better  understanding  of  the  STM  images,  a  theory  of  STM  is  needed,  which 
is  not  an  easy  matter  because  the  geometry  of  the  tip-vacuum-sample  junction  is  not  planar 
and,  since  the  tip  radius  is  of  the  same  order  of  magnitude  as  the  wavelength  of  the  electrons  at 
the  Fermi  energy,  a  ID  approximation  to  the  tunneling  is  not  reliable.  The  most  frequently 
used  theory  is  Tersoff  and  Hamann's  (1983,  1985)  which  relies  on  the  transfer  hamiltonian 
approximation  of  Bardeen  (1961). 

In  this  paper,  we  present  exact  numerical  solutions  of  the  Schrddinger  equation  for  a  simple 
model  of  STM.  Our  aim  is  to  compute  the  current  density  in  the  STM  junction,  in  order  to 
estimate  the  resolution  of  the  microscope  and  the  behaviour  of  the  tunneling  current  when  the 
tip  is  moved  away  from  the  sample. 

2.  MODEL 

The  model  we  chose  (Lucas  et  al  1988)  is  composed  of  a  planar  metal-vacuum-metal  junction, 
with  one  electrode  (the  tip)  surmounted  by  a  hemispherical  protrusion  (Fig.  1).  Both  the  tip 
and  the  sample  are  free-electron  metals,  i.e.  the  potential  energy  of  an  electron  is  constant 
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provided  it  stays  inside  the  electrodes. 
In  the  vacuum,  the  electron 
interacts  with  its  images  in  the 
electrodes.  The  image  potential  is 
exactly  soluble  in  the 
piano-spherical  geometry  of  our 
model  as  shown  by  Lucas  et  al 
(1984).  The  inner  potential  of  the 
metals  is  taken  to  be  -14  V  with 
respect  to  the  vacuum  level,  and 
the  Fermi  level  is  -4.5  eV.  These 
values  correspond  to  aluminium. 

We  compute  the  current  for  a 
vanishing  bias,  so  only  the 
electrons  at  the  Fermi  level 
contribute  to  the  current.  The 
sign  of  the  bias  is  chosen  so  that 
the  electrons  flow  from  the  tip  to 
the  sample.  We  vary  the  tip 
radius  ami  the  tip-sample  distance 
to  study  the  influence  of  these 
parameters  on  the  resolution  of 
the  microscope  and  on  the 
tunneling  current. 


Fig.  1  Plano-spherical  model  of  the  STM  with  aup 
radius  =  3A  and  a  tip-sample  distance  =  2A.  The 
hemispherical  protrusion  is  the  apex  of  the  up.  The 
lengths  of  the  arrows  are  proportional  to  the  local 
current  densities. 


3.  METHOD 


A  brief  description  of  our  method  follows.  More  details  can  be  found  elsewhere  (Laloyauxet 
al  1988)d  We  solve  the  one-electron  SchrSdinger  equation  for  each  of  the  electrons  impinging 
the  potential  barrier  from  the  tip  side. 

A'F  +  V'F  =  EfT'  o> 

where  »P  is  the  wavefunction  of  the  electron  and  V  is  its  potential  energy.  Thanks  to  the 
rotational  symmetry  of  the  junction,  the  cylindrical  coordinates  p,  z  and  <j>  can  be  used  to 
separate  <)>  from  p  and  z : 

¥Jp,z.*)  =  eim*\|/m(p,z)  (2) 

where  m  is  the  angular  momentum.  An  equation  in  p  and*  must  be  solved  for  every  value  of 
m  Only  the  states  with  the  smallest  values  of  tml  contribute  to  the  current :  in 
consider  -2£m£2.  The  2-dimensionality  of  the  problem  reduces  considerably  the  mem  ry 
allocation  and  computer  time  needed  for  the  numerical  calculations.  .  .  f  ^ 

Four  regions  must  be  considered  for  the  resolution,  according  to The  dependence  ot  me 
Dotential  V  on  the  coordinates.  The  solutions  have  to  obey  usual  matching  conditions  onthe 
boundaries  of  the  retfons.  Inside  the  tip,  the  potential  is  constant  and  the  waveftmeuon  is 
expressed  analytically  as  a  linear  combination  of  incident  and  reflected  waves,  each  of  these 
being  the  product  of  a  p-dependent  part  and  a  z-dependent  part.  Inside  the  sample,  the 
potential  is  constant  too,  and  ym  is  a  linear  combination  of  transmitted  waves  of  the  same 

land.  In  the  vacuum,  far  enough  from  the  tip,  the  potential  depends  on  z  only  and  p  andz  can 
still  be  separated.  The  z-dependent  part  of  the  wavefunction 

the  1-D  finite-element  method  (FEM)  developped  by  Laloyaux  et  al  (1989)  is  used,  in  uie 
region  of  the  protrusion,  where  V  depends  on  both  p  and  z,  is  computed  fully  numerically 
and  we  use  the  2-D  FEM  The  FEM  (see  e.g.  Mitchell  and  Wait  1985)  consists  essentially  m 
if u™owifonction  by  a  polynomial  in  ev«y  cell  of  a  M 
TheFEM  discretization  reduces  SchrOdinger's  equation  to  a  finite  linear  system  of  equations, 
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that  can  be  solved  using  standaid  numerical  algorithms. 

For  every  value  of  m,  several  electronic  states  must  be  computed,  each  of  those  being 
characterized  by  a  different  incident  wave.  From  the  calculated  wavefunctions,  we  compute 
the  current  density  associated  with  every  electronic  state  using  the  well  known  formula  for  the 
current  density  j 

j  +  ImOF*  V»F).  (3) 

Adding  up  these  individual  current  densities  leads  to  the  total  current  density  carried  by  all  the 
electrons. 

4.  RESULTS 

Fig.  1  shows  the  current  density  between  the 
STM  tip  and  the  sample,  for  a  tip  radius  equal 
to  3  A  and  a  tip-sample  distance  equal  to  2  A. 

The  current  appears  to  be  strongly  localized 
near  the  protrusion,  which  is  consistent  with 
the  high  resolution  obtained  in  STM 
experiments.  The  resolution  of  the  STM  is 
related  to  the  width  of  the  tunneling  electron 

beam,  which  we  define  as  the  value  of  p  at 
which  the  z-component  of  the  current  density 
at  the  sample  surface  is  half  its  value  at  p  =  0. 

The  current  channel  width  versus  the  tip 
radius  is  plotted  on  Fig.  2,  for  three  different 
values  of  the  tip-sample  distance.  The  width 
of  the  current  channel  turns  out  to  increase  at 
a  rate  of  0.2  A  per  A  increase  in  the  tip  radius 
and  not  to  depend  strongly  on  the  tip-sample 
distance,  at  least  in  the  range  we  explored. 

We  represented  on  Fig.  3  the  behaviour  of 
the  total  tunneling  current  when  the  tip  is 
moved  away  from  the  sample. 

The  logarithm  of  the  total  current  current  is  plotted  versus  the  tip-sample  distance,  for  various 
values  of  the  tip  radius.  It  can  be  seen  that  the  current  decreases  exponentially  as  the  barrier 
width  increases,  as  predicted  from  the  approximate  1-D  formula  for  a  square  potential  barrier 

1  +  exp(-1.025  d)  (4) 

where  O  is  the  work  function  expressed  in  electron-volts  and  d  is  the  barrier  width  in 
angstroms.  If  we  define  an  effective  work  function  <t>cff  for  our  3-D  results  from  Eq  (4),  the 
slope  of  the  curves  in  Fig.  3  gives 

®eff  =  4.6eV  (5) 

This  value  is  very  similar  to  the  value  we  put  in  our  computations  (Fermi  level  =  -4.5  eV),  but 
the  image  potential  seems  not  to  affect  the  logarithmic  derivative  of  the  current  with  respect  to 
the  distance.  Binnig  et  al  (1984)  obtained  a  similar  result.  Nevertheless,  the  image  potential 
does  modify  the  barrier  and  has  an  effect  on  the  value  of  the  tunneling  current,  so  it  is  worth 
considering  it. 

5.  CONCLUSION  AND  OUTLOOK 

We  developed  a  method  well-suited  for  the  study  of  3-D  tunneling  problems  with  a  rotational 
symmetry.  Our  method  consists  in  a  resolution  of  the  Schr&dtnger  equation  by  a  grid 
discretization  technique,  namely  the  finite-element  method.  An  application  was  made  to  a 
model  of  STM  consisting  in  a  piano-spherical  metal-vacuum-metal  junction.  The  results  show 
that  the  tunneling  current  flows  across  the  vacuum  in  a  narrow  channel. 


Fig.  2  Width  of  the  tunneling  current 
beam  vs  the  tip  radius  for  the  tip-sample 
distance  =  lA  (solid  line),  2A  (dashed 
line)  and  3  A  (dotted  line). 
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The  width  of  this  channel,  to  which  the 
resolution  of  the  microscope  is  most 
probably  related,  increases  slowly  with 
die  dp  radius  and  is  not  vety  sensitive  to 
the  tip-sample  distance. 

The  intensity  of  the  tunneling  current 
decreases  exponentially  with  the 
tip-sample  distance;  the  rate  of  decrease 
appears  not  to  be  influenced  by  -die 
image  potential. 

Since  the  FEM  method  works  well  for 
tunneling  problems,  we  plan  to  apply  it 
to  other  situations  :  more  realistic  STM 
models  with  a  surface  corrugation, 
tunnel  junctions  with  spherical  metallic 
inclusions,  field  emission  tips. 
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Field-enhanced  emission 
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ABSTRACT:  The  paper  gives  a  digest  of  recent  joint  work  by  the  author 
in  conjunction  with  S.R.  Dhariwal.  In  this  field-enhanced  emission 
from  a  Coulomb  trap  has  been  treated  theoretically  by  including  two 
effects  which  have  been  neglected  in  the  past:  (1)  The  emitted 
electron  moves  in  the  conduction  band  in  a  region  in  which  the  density 
of  states  depends  on  position.  (2)  The  motion  is  terminated  by  a 
scattering  event.  These  results  are  injected  into  a  new  type  of 
approximated  recombination  theory  ("truncated  cascade  recombination"), 
and  some  reasonable  agreement  with  experiment  is  found. 


1 .  BACKGROUND 

I  present  here  a  digest  of  the  main  ideas  involved  in  papers  published  in 
1989  with  Dr.  S.R.  Dhariwal. 

Schottky  (1923)  used  the  image  force  in  a  classical  discussion  of  field- 
enhanced  emission: 

V(x)  «  E  -  eEx  -  e2/4x  *  V(x  )  =  E  -  (e*E)^  . 
o  mo 

Here  Vix^)  is  the  height  of  the  potential  energy  maximum  and  E  is  the 

electric  field.  Frenkel  (1938)  used  the  Coulomb  potential  of  a  trap  in  a 
semiconductor  (dielectric  constant  e)  to  discuss  electron  emission  from 
the  trap  one-dimensionally: 

V(x)  -  E  -  eEx  -  e2/ex  ■*  V(x)  -  E  -  2(e3E/e)i 
o  mo 

Jonscher  (1967)  and  Hartke  (1968)  gave  a  three-dimensional  discussion  of 
this  effect  (6  is  the  angle  the  electron  velocity  makes  with  E) : 

V(x)  “  E-  eErco86  -  e2/er  *  V(x  )  -  E  -  2(esEcos0/e) ^  . 
o  mo 

The  electron  emission  rate  was  found  to  be  changed  by  the  ratio 


©  1989 IOP  Publishing  Ltd 


150 


Vacuum  microelectronics  89 


X  = 


en(6) 


exp  0 


(Schottky) 


4-  +  0  ^[1+(0-1)e^]  (Jonscher-Hartke) 


(1) 

(2) 


The  £irst  term  in  (2)  arises  from  up-field  the  second  term  from  down-field 
motion  and 


0  =  (2/kT)(e3E/e)4 


The  effect  is  often  called  Poole-Frenkel  effect. 


2.  FIELD  DEPENDENCE  OF  EMISSION  FROM  A  TRAP 

In  our  new  theory  (Dhariwal  and  Landsberg,  1989b)  the  electron  of  energy 
E  ( <  &c0)  can  pass  over  the  potential  maximum  and  it  enters  the  conduc¬ 
tion  band  at 


r.  "  (E  -E)/e£cos0 
1  co 

where  Ecq  is  the  energy  at  r  =  0  and  also  the  band  edge  energy  in  the 

absence  of  a  field.  The  density  of  states  encountered  by  the  electron 
thereafter  increases  with  distance  r  from  the  trap  since  the  horizontal 
line  representing  the  electron  energy  departs  more  and  more  from  the  band 
edge  which  is  downward  sloping  to  the  right  (if  E  acts  to  the  left). 
There  is  a  probability 


P(r)dr 


I  exP 


dr 


that  the  electron  survives  in  the  band  in  a  region  (r,r+dr),  X  being 
the  mean  free  path.  The  density  of  states  is 


N(E,r,0)  =  [E-E^r.6)]4  -  [E-CE^-erEcose)  ]4 


and  yields  an  averaged  r-independent  density  of  states 


N(E,6) 


00 


N(E,r,0)P(r)dr  . 


The  case  E  >  E _  has  of  course  also  to  be  considered:  it  leads  to 

r^  ■  0  .  Thereafter  one  has  to  integrate  the  electron  emission  rate  over 

0  to  find  a  new  and  more  accurate  expression  for  x  •  results  in  a 
field  dependence  closer  to  (1)  than  to  (2).  In  fact  for  Si  at  80K  and 

fields  in  excess  of  lO^Vcm”1 
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1.59  exp  6  for  Si)  . 


is  quite  a  good  approximation. 


3.  TRUNCATED  CASCADE  RECOMBINATION  (T.C.R.) 

Take  the  trap  to  have  only  one  (effective) excited  state  from  which  the 

electron  emission  rate  is  e  .  Let  t  be  the  relaxation  rate  from 

ne  n 

it  to  the  ground  state.  Given  the  electron  in  the  trap  is  in  the  excited 
state,  the  probability  of  the  electron  reaching  the  ground  state  (without 
being  first  emitted  to  the  band)  is 


P  - L_ 

e  t'+e  x  1  +  e  tx 

n  neA  ne  nA 

which  is  Lax' s  "sticking  probability"  for  this  case,  where  it  is  uniquely 

simple.  Note  that  x  is  applied  to  emission  rates  only,  not  to  capture 

coefficients  c  ,  c  (into  ground  and  excited  states  respectively), 
ng  ne 

which  are  introduced  below. 


The  effective  capture  coefficient  is  (Landsberg  and  Dhariwal,  1989) 


n  eff  ng 


c  +  P  c  ■*  c  +c  /(1+etx) 
ng  e  ne  ng  ne/  ne  nA' 


Let  Vg  be  the  concentration  of  centres  in  the  ground  state,  the 

concentration  of  empty  centres  and  n  the  electron  concentration.  Then  the  recombination 
rate  per  unit  volume  is 

Cn  eff  vo  n  en  eff  vg 

Hence  the  emission  rate  in  the  presence  of  an  electric  field  is 


en  eff  *  cn  eff I  v_  j  *  * 

'  S' enu. 


'  8  '  equ. 

Thus  as  E  is  increased  c  decreases  by  (3)  and  e  increases 

n  eff  n  eff 

by  (4)  in  semi-quantitative  agreement  with  certain  experiments  (Rosier 
and  Sah,  1971). 


4 .  TRANSIENT  EFFECTS 


We  have  also  considered  the  case  when  v  ,  v  ,  v  (concentration  of  traps 

o’  g  e 
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with  the  electron  in  the  excited  state)  depend  on  time.  Model  equations 
(specifying  the  possible  transitions)  and  continuity  equations  yield 
equations  of  the  type  (Dhariwal  and  Landsberg,  1989a) 


v.  + 

i 


Pv.  + 
i 


Qv.  +  S. 

H  l  l 


(i«0,g,e) 


where  P,  Q,  are  independent  of  time.  The  two  lifetimes  which  are 

implied  by  this  equation  enable  one  to  recover  equations  (3)  and  (4)  as 
appropriate  limiting  cases. 


5.  CONCLUSION 

A  tractable  and  simplified  cascade  model  has  been  developed  into  which 
new  and  more  accurate  Poole-Frenkel  emission  rates  and  capture  coeffi¬ 
cients  can  be  inserted.  This  yields  a  description  of  steady  state  as 
well  as  transient  recombination  processes. 
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Characterization  of  individual  micro-emission  centres  distributed  in  planar 
arrays 


R.V. Latham  and  A.D.Archer 

Department  of  Electronic  Engineering  and  Applied  Physics 
Aston  University,  Birmingham  B4  TET,  U.K. 

ABSTRACT:  Three  instrumental  techniques  are  described  that  may  be 
used  for  studying  total  arrays  of  field  emission  sites  and  the 
properties  of  the  constituent  micro-emission  processes.  The 
versatility  and  performance  capability  of  these  systems  is 
illustrated  by  reference  to  previous  investigations  into  a  variety 
of  metal-insulator  field  emission  regimes.  Also  discussed  is  the 
potential  application  of  these  regimes  to  the  production  of  practical 
broad-area  cold-cathode  electron  sources,  and  arrays  of  discrete  field 
emission  centres. 

1.  URODOCTIOH 

In  the  course  of  extended  investigations  into  the  physical  origin  of  the 
prebreakdown  currents  that  flow  between  vacuum-insulated  high-voltage 
electrodes,  it  has  been  necessary  to  develop  a  range  of  sophisticated 
analytical  techniques  for  studying  isolated,  micron-sized,  field- induced 
electron  emission  processes  (see  reviews  of  Latham  1981,1988).  The  most 
important  of  these  techniques  are  (i)  an  optical  imaging  facility  for 
studying  the  spatial  distribution  and  temporal  stability  of  populations 
of  emission  "sites",  (ii)  a  scanning  micro-point  anode  in  conjunction 
with  a  low-resolution  SEM/Auger  system  for  dynamically  locating  and 
subsequently  identifing  the  topographical  and  chemical  nature  of 
individual  emission  sites,  and  (ill)  a  combined  system  for  studying  the 
electron  emission  Images  and  associated  electron  spectra  of  individual 
processes.  More  recently,  these  same  techniques  have  also  been  applied 
to  the  study  of  artificially  created  micro-emission  structures  that 
could  form  the  basis  of  new  types  of  cold-cathode  electron  source. 

This  paper  will  review  the  essential  instrumental  features  of  these 
novel  analytical  systems,  and  illustrate  their  performance  capability 
with  reference  to  selected  data  obtained  from  the  experimental  studies 
referred  to  above.  Particular  emphasis  will  be  given  to  contrasting  the 
differences  between  the  characteristics  of  "metallic"  and  "non-metallic" 
emission  processes,  and  discussing  the  technological  significance  of 
these  findings  in  relation  to  the  development  of  possible  new 
cold-cathode  electron  sources.  Finally,  outline  details  will  be  given  of 
new  analytical  approaches  that  are  currently  being  developed  to  obtain 
higher  resolution  topographical  information  about  individual  emission 
processes. 
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2.  AHALYTICAL  SYSTEMS 

2.1  Spatial  Imaging  of  Emission  Site  Populations 

The  "transparent  anode"  Instrumental  facility  illustrated  In  Figure  1 
was  developed  to  provide  a  simple  but  powerful  means  of  studying  the 
spatial  distribution  of  emission  sites  on  planar  cathodes,  and  also,  in 
conjunction  with  video  recording  techniques,  the  temporal  evolution  of  a 
population  of  such  sites  (Latham  et  al  1986).  Typical  examples  of  the 
type  image  obtained  with  this  system  are  shown  Figure  2,  where  each 
pin-point  of  light  corresponds  to  the  transition  radiation  generated  in 
the  conducting  coating  of  the  glass  anode  by  the  impact  of  a  1-10 
microamp  beam  of  high  energy  electrons  emitted  from  a  micron-sized 
feature  on  the  cathode  surface.  (N.B.  The  three  peripheral  large  bright 
spots  appearing  in  these  image  correspond  to  the  anode-cathode  glass 
supporting  rods;  spurious  reflected  light  has  also  highlighted  the 
profiled  edge  of  the  electrode.)  The  analytical  limitation  of  this 
planar  electrode  system  is  that  all  regions  of  the  cathode  surface  are 
subjected  to  the  same  surface  field,  so  that  only  those  sites  with 
similar  I-V  characteristics  can  be  imaged  simultaneously. 

To  illustrate  the  versatility  of  this  imaging  technique.  Figures  2  to  4 
present  typical  examples  of  data  obtained  from  four  diverse  experimental 
studies  that  employed  the  system.  Firstly,  it  provided  an  ideal  tool  for 
studying  how  the  residual  gas  atmosphere  influences  the  stability  of 
emission  processes:  thus,  Figure  2(a-c)  shows  how  a  population  of 
emission  sites  on  a  planar  OFHC  Cu  high  voltage  electrode  are 
progressively  extinguished  in  a  residual  atmosphere  of  He  -  the 
so-called  “Gas  Conditioning"  effect  (Bajlc  and  Latham  1988a).  Secondly, 
it  has  been  used  to  investigate  the  effect  of  progressively  oxidising  an 
electrode  surface  and,  as  shown  In  Figure  3(1),  surprisingly  revealed 
that  this  procedure  has  little  effect  on  the  establised  emission 
processes  (Latham  et  al  1989).  Thirdly,  Figure  3(ii)  illustrates  how  the 
technique  has  been  used  to  demonstrate  that  a  thin  dielectric  coating  on 
an  electrode  can  typically  increase  the  density  of  emission  sites  in  a 
given  field  range  by  over  an  order  of  magnitude  (Cade  et  al 
1988;Bajic,Cade  et  al  1989).  In  the  final  application,  Figure  4(a-d) 
dramatically  illustrates  how  the  density  of  emission  sites  on  a 
resin-compoaite  cathode  increases  with  applied  field  (Bajic  1989, Bajlc 
and  Latham  1989).  The  practical  significance  of  these  latter  two  results 
will  be  discussed  further  in  Section  3. 

2.2  Individual  Site  Location  -  the  Scanning  Micropoint  Anode 

In  order  to  study  the  properties  of  individual  sites,  it  is  necessary  to 
employ  some  form  of  scanning  probe  technique  to  locate  and  position  the 
chosen  site  for  analysis.  Two  approaches  may  be  considered.  The  first 
employs  a  planar  anode  with  an  axial  probe  hole;  i.e.  as  was 
successfully  used  by  Cox  (1975)  in  his  pioneering  studies  of  the 
topographical  nature  of  emission  sites  on  HV  electrodes.  An  alternative, 
and  more  convenient  approach,  is  to  use  an  electrolytically  etched 
tungsten  mlcrotip  anode  in  conjunction  with  the  goniometer  specimen 
stage  of  a  SEM.  Thus,  by  using  the  tip  as  a  scanning  current  probe,  it 
possible  to  isolate  an  emission  site  on  the  axis  of  the  SEM  and  hence 
image  its  topography.  At  the  same  time,  an  auxiliary  X-ray  or  Auger 
facility  will  provide  information  about  its  material  composition.  It 
should  also  be  noted  that  both  probe  techniques  may  be  used  to  generate 
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Fig.  6.  A  schematic  illustration  of  an  Integrated,  and  fully  automated, 
analysis  facility  for  studying  the  electron  spectral  characteristics  of 
micro-emission  sites  on  planar  electrodes. 


Fig.  7.  A  schematic  illustration  of  the  specimen  chamber  and  pre-chamber 
facilities  of  the  integrated  analysis  system  depicted  in  Figure  6. 
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raster  scan  maps  of  emission  sites  by  using  the  collected  current  to 
modulate  either  the  z-input  of  a  storage  oscilloscope  (Bayllss  and 
Latham  1986),  or  the  y-input  of  an  x-y  plotter  (Niedermann  1986). 

This  latter  micropoint  anode  technique  was  first  demonstrated  by  Athwal 
and  Latham  (1981),  and  used  routinely  for  recording  the  type  of 
low-resolution  image  shown  in  Figure  5a.  The  important  conclusion  to 
emerge  from  this  study  was  that  emission  sites  on  HV  electrodes  are 
Invariably  associated  with  the  presence  of  particulate  contamination; 
i.e.  rather  than  metallic  whiskers,  as  had  traditionally  been  assumed. 
This  investigation  slsg  revealed  the  technologically  important  fact  that 
only  about  1  in  10°  of  the  micron-sized  particles  on  an  electrode 
surface  actually  give  rise  to  emission  in  the  field  range  10-20MV/m. 
Subsequently,  this  type  of  analytical  system  was  greatly  Improved  by 
Niedermann  and  co-workers  (Niedermann  1986,  Niedermann  et  al  1986, 
Sankarraman  et  al  1986)  to  allow  the  possibility  of  a  comprehensive 
Auger  study  of  the  material  composition  of  a  large  sample  of  emitting 
structures  under  controlled  UHV  conditions.  This  Investigation  provided 
data  of  the  type  presented  in  Figure  5b,  and  revealed  that  "active” 
particles  can  have  a  wide  range  of  elemental  composition,  with  carbon 
being  the  most  predominant  and  typically  accounting  for  over  20Z  of 
emitters  on  Nb  HV  electrodes. 

2.3  Individual  Site  Characteristics  -  Electron  Spectrometry 

To  study  the  emission  characteristics  of  individual  sites,  an  advanced 
electron  spectrometer  facility  has  been  progressively  established  by 
Latham  and  co-workers  (Latham  1988).  Recently,  this  has  undergone  a 
major  up-grading  to  give  an  improved  specimen  handling  capability,  and 
enhanced  data  acquisition  and  afslysis  procedures.  As  illustrated 
schematically  in  Figure  6,  this  instrument  is  based  upon  a 
plane-parallel  electrode  gap  with  a  0.5mm  diameter  axial  anode  probe 
hole,  and  is  interfaced  with  a  hemispherical  deflection  spectrometer  by 
means  of  a  beam-forming  electrostatic  lens  assembly.  As  illustrated 
schematically  in  Figure  8,  the  new  up-graded  facility  is  based  upon  a 
re-designed  and  more  versatile  experimental  chamber  and  specimen 
handling  module.  In  particular,  the  system  now  Incorporates  a 
turbo-pumped  pre-chamber  with  load-lock,  and  a  mechanically  operated 
specimen  transporter  that  uses  Vacuum  Generator's  new  bayonet-mounted 
Integral  specimen  pod  system.  For  the  present  application,  the  pod 
Incorporates  a  heating  element  capable  of  raising  the  sample  temperature 
to  800C;  the  latter  being  controlled  by  a  Tactical  310  unit  using  a 
K-type  monitoring  thermocouple.  With  this  facility,  it  is  now  possible 
to  investigate  the  effects  of  a  wide  range  of  in  situ  surface  treatments 
without  the  specimen  ever  being  exposed  to  air.  In  order  to  make 
systematic,  high-resolution  spectral  measurements  of  Individual  emission 
sites,  the  specimen  le  attached  to  a  micro-manipulator  that  is 
controlled  from  the  computer  by  stepper  motors  to  provide  a  one-micron 
spatial  resolution  of  the  specimen  position. 

The  computer  control  and  measurement  system  is  based  upon  an  Acorn 
Archimedes  440  with  Acorn  I/O,  Wild  Vision  ADC-1208,  and  Intellegent 
Interface  IEEE-488  podule  attachments.  The  system  is  designed  to  provide 
a  capability  for  rapid  specimen  analysis  in  terms  of  the  following  range 
of  data  acquisition  and  processing  functions,  all  implemented  directly 
from  the  keyboard. 

a.  The  total  gap  I-V  characteristic,  with  the  additional  option  of  a 
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Pig.  10.  "Before"  and  "after" 

Pig.  9.  Pairs  of  constant-field  sequences  of  electron  spectra, 

electron  spectra,  showing  how  the  recorded  under  incremental  field 

emission  processis  stimulated  by  conditions,  showing  the  effect  of 

both  temperature  and  uv  radiation  surface  oxidation  (Latham  et  al 

(Xu  and  Latham  1986c).  1989). 


Fig.  11.  The  energy-selective  recording  of  a  single-segment  emission 
image  under  (a)  "total”,  (b)  "high”  and  (c)  "low"  energy  conditions  (Xu 
and  Latham  1986a). 
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Fowler-Nordheim  (F-N)  plot  and  a  computed  value  for  the  aaaoclated 
beta-factor. 

b.  A  low-resolution  spatial  "map"  of  all  constituent  emission  sites, 
with  their  associated  accessing  coordinates. 

c.  A  high-resolutlon  scan  of  any  localised  emission  centre. 

d.  A  "total"  or  energy-selected  emission  Image  of  any  chosen  site. 

e.  The  electron  spectrum  of  any  chosen  site  at  a  resolution  of  25meV, 

and  referenced  to  the  Fermi  level  (FL)  of  the  cathode.  Subsequently,  the 
option  is  available  for  obtaining  computed  values  of  the  half-width 
(FWHM),  shift,  F-N  olot  and  beta-value  of  the  site;  the  latter  being 

computed  from  the  spectral  area,  which  is  assumed  to  be  proportional  to 

the  site  current. 

The  performance  of  this  integrated  analytical  facility  is  illustrated  in 
Figures  8  to  11,  which  present  typical  data  obtained  from  studies  of  the 
"non-metallic"  micro-emission  processes  found  on  polished  Cu  electrodes. 
Firstly,  Figure  8(a-c)  shows  three  types  of  total-energy  emission  images 
that  have  been  recorded  directly  from  an  intermediate  phosphor  screen 
(see  Figure  6).  The  most  commonly  observed  image  is  shown  in  Figure  8a, 
and  is  seen  to  consist  of  a  random  distribution  of  independent  diffuse 

"spots"  (Bayliss  and  Latham  1986).  However,  where  sites  are  derived  from 

a  material  having  a  layered  structure,  such  as  graphite,  the  emission 
image  tends  to  have  the  multi-segment  form  shown  in  Figure  8b,  and 
occasionally  the  single-segment  structure  of  Figure  8c  (Xu  and  Latham 
1986b).  From  detailed  spectral  studies  of  these  types  of  image,  it  has 
been  established  that  each  "spot”  or  "segment"  has  its  own 
characteristic  single-peak  electron  energy  spectrum  that  has  a  unique 
low-current  FWHM  and  shift  from  the  Fermi  level.  Furthermore,  if  a 
series  of  spectra  are  successively  recorded  under  gradually  increasing 
field  conditions,  as  illustrated  in  the  sequence  of  Figure  8d,  it  is 
found  that  both  the  half-width  and  shift  exhibit  a  strong 
field-dependence  that  is  characteristic  of  a  "non-metallic”  emission 
mechanism  (Bayliss  and  Latham  1986). 

As  further  examples  of  the  applications  of  this  intrumental  facility. 
Figure  9  illustrates  how  the  emission  mechanism  is  stimulated  by  both 
temperature  and  uv  radiation  (Xu  and  Latham  1986c),  whilst  Figure  10 
illustrates  how  the  spectral  response  is  dramatically  influenced  by  in 
altu  surface  oxidation  (Latham  et  al  1989).  As  a  final  example,  Figure 
11  illustrates  an  application  of  the  energy-selective  imaging  facility 
to  record  a  single-segment  emission  image  (c.f.  Figure  8c)  under 
"total",  "high"  and  "I  jw"  energy"  conditions  (Xu  and  Latham  1986a).  From 
this  sequence,  it  is  evident  that  the  diffuse  inner  concave  region  of 
the  image  is  formed  predominantly  from  lower  energy  electrons;  a  result 
that  is  indicative  of  a  scattering  mechanism  in  the  composite  emitting 
structure. 

3.  DISCUSSION 

In  this  section,  consideration  will  firstly  be  given  to  the  phyical 
nature  of  the  "non-metallic"  emission  mechanism  responsible  for  the 
experimental  data  presented  in  the  previous  section.  This  will  then  be 
followed  by  a  discussion  of  the  technological  implications  of  these 
findings,  with  particular  emphasis  being  given  to  the  potential  of  this 
mechanism  to  provide  a  basis  for  the  development  of  a  new  range  of 
practical  cold-cathode  electron  sources. 
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3.1  The.  Electron  Enleelon  Mechanise 

Two  models  have  been  considered,  both  involving  an  insulating  medium. 
Thus,  referring  to  Figure  12,  the  "ambient"  M-I  model  represents  a 
sub-micron  thick  insulating  structure  (I)  in  intimate  contact  with  a 
metal  electrode  (M);  i.e.  corresponding  to  both  the  experimental 
situation  shown  in  Figure  5  and  the  dielectric  coating  data  of  Figure 
3(ii).  This  M-I  regime  is  assumed  to  emit  electrons  as  a  result  of  a 
dielectric  switching  process,  in  which  sub-micron  conducting  channels 
are  electro-formed  within  the  insulating  medium.  According  to  this 
model,  electrons  are  "heated"  through  several  eV  and  emitted  quasi 
thermionically  over  the  surface  potential  barrier  (Latham  1982);  i.e.  as 
illustrated  in  the  band  diagram  representation  of  Figure  13  (Latham  and 
Bayllss  1986).  A  quantitative  analysis  of  this  system  has  shown  that  it 
provides  a  satisfactory  explanation  for  the  initial  switch-on  of  sites, 
the  linear  and  non-linear  regions  of  the  typical  F-N  plot  of  a  gap  (or 
site)  character isic,  and  the  detailed  field-dependent  electron  spectral 
data  (i.e.  shape,  half-width  and  shift).  An  Important  prediction  of  this 
analysis,  borne  out  by  experiment  (Bayliss  and  Latham  1986),  is  the 
existence  of  a  sharp  transition  from  a  low-field  contact-limited  to  a 
high-field  bulk-limited  conduction  regime.  In  fact,  it  is  this 
phenomenon  that  is  thought  to  be  responsible  for  the  frequent  high-field 
non-linearity  of  Fowler-Nordheim  plots. 

As  discussed  in  detail  elsewhere  (Bajic  1989,  Bajic  et  al  1989),  the 
dielectric  channel  model  of  Figures  12  and  13,  provides  an  "electronic" 
explanation  for  the  Gas  Conditioning  effect  illustrated  in  Figure  3. 
According  to  this  Interpretation,  high-energy  gas  ions  are  assumed  to  be 
implanted  into  an  emitting  channel,  and  thereby  create  electron  traps  in 
the  sensitive  M-I  interface  region.  Thus,  different  gas  ions  will 
penetrate  to  different  depths  for  a  given  gap  voltage,  which  explains 
the  associated  "Voltage"  effect;  conversely,  the  traps  thus  formed  can 
be  emptied  through  temperature-enhanced  diffusion  processes,  and  thus 
give  rise  to  the  associated  "Temperature"  effect. 

The  second  emission  model,  also  depicted  in  Figure  12,  involves  a  M-I-M 
regime  with  built-in  field  enhancing  "antenna"  effect  (Athwal  et  al 
1983,  Renner  et  al  1989).  Here  it  is  assumed  that  a  particle  or  flake 
(e.g.  of  graphite),  which  is  attached  to  an  electrode  surface  by  a 
blocking  electrical  contact,  will  probe  the  electric  potential 
dltrlbution  at  its  highest  point  above  the  electrode,  and  hence 
establish  a  greatly  enhanced  electric  field  across  the  contact  junction. 
Thus,  the  necessary  conditions  are  created  for  the  initiation  of  the 
dielectric  switching  process  discussed  above,  with  electrons  being 
injected  into  the  vacuum  through  the  M-I-M  contact  junction  (Xu  and 
Latham  1986b).  By  assuming  that  the  emitted  electrons  are  coherently 
scattered  at  the  flake  edge,  this  model  has  also  been  able  to  provide  a 
qualitative  explanation  of  the  segmented  emission  Images  shown  in  Figure 
8.  To  confirm  the  validity  of  these  and  other  future  models,  it  will  be 
necessary  to  employ  new  types  of  analytical  techniques,  such  as  scanning 
tunnelling  microscopy  (Niedermann  and  Fischer  1989),  for  studying  the 
emission  regime  at  nm  resolution. 

In  terms  of  these  two  models,  the  surface  oxidation  data  of  Figure  10 
can  be  qualitatively  Interpreted  as  Illustrated  in  Figure  12  where, 
prior  to  emission  in  each  case,  electrons  have  to  be  transported  through 
a  lossy  oxide  layer  in  which  multiple  scattering  events  will  occur.  In 
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Fig.  12.  Schematic  Illustrations  of  the  metal-insulator  (M-I)  and  M-I-M 
emission  models,  and  how  these  could  be  Influenced  by  surface  oxidation 
(Latham,  Bayliss  et  al  1989) 


Fig.  13.  A  band  diagram 
representation  of  the  M-I 
model  of  Figure  12 
(Bayliss  and  Latham  1986) 
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contrast,  the  composite  cathodes,  as  represented  by  the  data  of  Figure 
4,  are  thought  to  emit  by  a  hybrid  two-stage  mechanism  involving 
features  of  both  models.  Thus,  as  explained  elsewhere  (Bajic  and  Latham 
1988b),  the  "antenna"  effect  firstly  gives  rise  to  a  sufficiently 
enhanced  field  across  particle-electrode  contact  junction  to  precipitate 
a  "primary"  M-I-M  switching  event,  which  then  triggers  a  "secondary"  M-I 
switching  event  at  the  dielectric-vacuum  interface. 

3.2  Technological  Implications 

A  dominant  thrust  of  the  work  presented  in  this  paper  has  been  to  gain  a 
physical  understanding,  and  hence  a  technological  perspective,  of  how  to 
control  the  localised  field  emission  process  that  limits  the  performance 
of  vacuum-insulated,  high  voltage  electrodes  (Latham  1988).  Thus,  the 
single  most  important  technological  conclusion  to  emerge  from  these 
programmes,  is  the  over-riding  need  to  eliminate  particulate 
contamination  from  electrode  assemblies.  It  is  therefore  crucially 
important  to  revise  the  standards  relating  to  the  purity  of  electrode 
materials,  their  manufacture  and  assembly  procedures.  In  fact,  by 
committing  the  necessary  Investment,  and  systematically  following  this 
more  enlightened  approach,  the  superconducting  RF  cavity  community,  for 
example,  have  been  able  to  progressively,  and  reliably,  raise  the 
operating  fields  in  their  cavities  by  over  an  order  of  magnitude  (Bloess 
1984,Padamsee  et  al  1986),  with  every  promise  of  further  Improvements. 
In  particular,  the  beneficial  influence  of  high-temperature  processing 
of  electrodes,  revealed  by  the  work  of  Niedermann  and  co-workers 
(Niedermann  1 ‘>86,Sankarraman  et  al  1986),  could  well  form  the  basis  of 
further  progress. 

The  other  important  aspect  of  this  work  Is  its  relevance  to  the  on-going 
search  for  alternative  types  of  cold-cathode  electron  sources.  Thus,  the 
type  of  composite  cathode  illustrated  in  Figure  4  clearly  has 
considerable  potential  for  development  as  a  broad-area  source,  where  it 
could  be  realistically  anticipated  that  current  densities  approaching 
1A/ sq.cm  could  be  achieved  at  field  levels  of  10-20MV/m.  Conversely,  the 
M-I  system  of  Figure  3(11)  offers  a  possible  basis  for  producing  arrays 
of  mlcroamp  emission  centres,  if  a  suitable  technique  could  be  developed 
for  "writing-in"  emission  sites  at  pre-determlned  locations.  In  this 
context,  mention  should  also  be  made  to  an  earlier  study  (Latham  and 
Mousa  1986)  where  the  concept  of  an  M-I  regime  was  applied  to  the 
conventional  micro-tip  structure,  where  a  W  tip  was  coated  with  a  layer 
of  epoxy  resin.  Apart  from  lowering  the  operating  field,  these  coated 
tips  also  provided  a  brighter  and  more  stable  electron  optical  source. 

A  particularly  desirable  feature,  shared  by  each  of  these  M-I  systems, 
is  their  rOative  immunity  to  the  residual  gas  pressure.  Thus,  unlike 
clean  metal  emitters,  it  is  possible  to  operate  these  structures  under 
commercial  vacuum  conditions  without  serious  degradation  of  the  emission 
characteristics  (Latham  and  Mousa  1986, Bajic  1989,  Bajic, Mousa  et  al 
1989);  presumably  because  the  insulator  medium  protects  the  sensitive 
M-I  Interface  from  the  physical,  chemical  and  mechanical  effects  of 
impinging  gas  ions  and  molecules.  Conversely,  it  has  to  be  said  that 
these  M-I  systems  also  share  the  undesirable  feature  of  sometimes  being 
liable  to  exhibit  a  low-frequency  switching  instability  (Bajic  et  al 
1989);  l.e.  where  an  individual  micro-emission  process  can  randomly 
switch  on  and  off  with  time  under  constant  field  and  vacuum  conditions. 
The  physical  reasons  for  this  phenomenon  are  not  well  understood,  but 
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Fig-2.  A  20min.  time-sequence  of  site  maps  illustrating  the  "Gas 
Conditioning"  effect  of  He  at  a  pressure  of  10  mbar  (Bajlc  and  Latham 
1988a). 


***•  5.  (1)  A  low-magnlf lcatlonlmage  of  the  micro-point  anode  technique 
identifying  a  contaminent  particle  as  an  emission  site  on  a  mechanically 
polished  of he  Cu  electrode  (Athwal  and  Latham  1981),  and  (11)  a 
high-magnification  Image  of  an  Auger-Identified  S-partlcle  emitter  on  a 
Nb  electrode  (Nledermann  1986). 


(a) 


(b)  (c) 


-  t-  — 


Fig.  8.  Frames  (a-c)  show  three  types  of 

total-energy  emission  images  obtained  ^ 

from  particulate  emission  sites  on  planar  electrodes,  whilst  (d)  is  a 
typical  sequence  of  electron  spectra  recorded  at  incremental  field 
values  from  any  given  "spot"  or  "segment"  (Xu  and  Latham  1986b) 
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are  thought  to  be  intimately  associated  with  the  properties  of  the 
sub-micron  sited  conducting  channels  that  are  believed  to  be  responsible 
for  the  emission  from  these  structures  (Bayliss  and  Latham  1986) •  It 
follows  therefore  that  an  extended  programme  of  fundamental  research 
will  be  required  before  the  M-I  regime  can  be  reliably  used  as  a 
practical  source. 


Some  of  the  work  reported  in  this  paper  was  performed  under  a  SDIO/IST 
sponsored  programme  managed  by  the  Space  Power  Institute  of  Auburn 
University,  Alabama,  USA. 
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An  STM  controlled  field  emission  microlens  electron  source 


M.  A.  McCord,  T.  H.  P.  Chang,  D.  P.  Kern,  and  J.  L.  Spcidell 

IBM  Research  Division,  T.  J.  Watson  Research  Center,  Yorktown  Heights,  N. 
Y.  10598 

SUMMARY  ABSTRACT:  By  using  a  scanning  tunneling  microscope  to  posi¬ 
tion  a  field  emission  tip  over  a  miniature  aperture  with  dimensions  on  the  order 
of  one  micrometer,  a  high  performance  electron  source  is  obtained  (Chang  et  al 
1989,  McCord  et  al  1989).  While  similar  to  a  miniature  field  emission  cold  cath¬ 
ode  that  has  been  previously  demonstrated  by  other  researchers  (Spindt  et  al 
1976,  Greene  et  al  1986),  use  of  an  STM  gives  several  advantages  over  other  de¬ 
signs.  These  include  fine  positioning  of  the  tip  both  horizontally  and  vertically, 
active  feedback  stabilization  of  the  emission  current,  and  the  abilitiy  to  fabricate 
the  tip  separately  from  the  aperture.  This  last  point  facilitates  the  manufacture 
of  a  microlens,  where  the  simple  aperture  is  replaced  by  a  stacked  structure  of 
two  or  more  electrodes  separated  by  thin  film  insulating  spacers,  all  made  by 
standard  integrated  circuit  processing  techniques  with  micrometer  dimensions. 
In  addition,  it  allows  use  of  a  point  source  single  atom  tip  developed  by  Fink 
(1988)  which  would  provide  tremendous  improvements  in  the  performance  of  the 
source. 

Theoretical  calculations  of  the  operation  and  performance  of  the  microlens  have 
been  performed  using  finite  element  numerical  computation  (Munro  1973).  Lens 
aberrations  are  one  of  the  primary  limitations  to  the  performance  of  electron 
beam  systems.  Because  lens  aberrations  tend  to  scale  with  the  lens  dimensions, 
by  reducing  the  size  of  the  lens  from  millimeters  to  micrometers,  commensurate 
improvement  in  the  lens  performence  is  expected.  This  is  confirmed  by  the  nu¬ 
meric  calculations,  which  also  show  that  a  two  electrode  lens  should  be  capable 
of  forming  a  focussed  spot  outside  the  lens  with  an  energy  on  the  order  of  a 
kilovolt.  Using  the  calculated  aberrations,  the  performance  of  systems  using 
various  combinations  of  microlcnses  and  conventional  lenses  has  been  simulated. 
The  results  indicate  that  the  performance  of  systems  using  the  microlens  source 
should  exceed  that  of  conventional  high  performance  systems  by  an  order  of 
magnitude  in  beam  diameter  or  as  much  as  three  orders  of  magnitude  in  beam 
current.  In  particular,  a  system  consisting  of  the  microlcns  source  with  one  ad¬ 
ditional  microlens  to  further  demagnify  the  beam  should  achieve  a  spot  size  of 
less  than  0.1  nm  with  a  current  of  100  pA  or  greater. 
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Experimental  demonstration  of  the  STM  electron  source  has  so  far  been  limited 
to  use  with  a  simple  aperture.  The  apertures  are  fabricated  on  silicon  nitride 
membranes  using  electron  beam  lithography  and  reactive  ion  etching.  The  tip  is 
positioned  over  the  aperture  using  the  imaging  capability  of  the  STM,  then  the 
voltage  between  the  tip  and  aperture  is  increased  while  monitoring  the  current 
passing  through  the  aperture  with  a  faraday  cage  electron  collector.  Using  aper¬ 
ture  diameters  from  0.4  to  2  micrometers,  extraction  voltages  have  varied  from 
50  to  200  volts.  The  extraction  voltage  also  depends  critically  on  the  tip  radius. 
Currents  as  high  as  80  /iA  have  been  obtained,  while  the  source  efficiency,  or 
fraction  of  the  total  emission  current  transmitted  through  the  aperture,  has 
ranged  from  80%  to  over  99%. 

In  conclusion,  successful  operation  of  an  STM  electron  source  has  been  demon¬ 
strated.  This  source  has  several  advantages  over  standard  miniature  field  emis¬ 
sion  cathodes  in  terms  of  flexibility,  manufacturability,  and  control  of  emission 
current.  Theoretical  calculations  of  the  performance  of  the  source  with  a  micro¬ 
lens  have  shown  it  to  have  a  brightness  an  order  of  magnitude  greater  than  con¬ 
ventional  field  emission  sources  due  to  the  low  aberrations  of  the  microlcns,  and 
to  give  corresponding  improvements  in  the  performance  of  electron  beam  systems. 
Thus  it  has  great  potential  for  use  in  microscopy,  microanalysis,  electron  beam 
testing  and  lithography.  Future  plans  include  demonstration  of  the  STM  source 
using  the  microlens. 
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ABSTRACT:  Surfaces  of  solids  and  thin  films  are  not  static.  Atoms 
and  atomic  clusters  can  move  on  the  surface  around  room  temperature 
for  many  materials.  This  can  change  the  physical  and  chemical 
properties  of  these  materials  and  the  useful  lifetimes  of  devices  made 
of  these  materials.  As  the  structures  in  microelectronic  components 
gradually  reduce  in  size,  the  dynamical  behavior  of  the  surfaces  and 
interfaces  play  a  more  and  more  important  role  in  their  long  term 
performance.  Using  high  resolution  microscopies,  the  dynamical 
behavior  and  stability  of  the  surfaces  and  interfaces  of  materials  of 
submicron  sizes  can  be  investigated  in  atomic  details. 


1 .  INTRODUCTION 

The  surfaces  of  solids  and  thin  films  are  not  static.  Instead,  atoms  and 
atomic  clusters  can  move  on  the  surface  continuously  and  structure 
changes  on  nanometer  scale  can  occur  even  around  room  temperature  for 
many  materials.  Such  changes  will  of  course  modify  the  structures  and 
chemistry  of  the  surfaces  and  interfaces,  and  therefore  the  chemical  and 
physical  properties  of  these  materials.  They  will  affect  the  performance 
and  the  useful  life  times  of  devices  containing  structures  of  nanometer 
and  submicron  sizes.  Using  the  field  ion  microscope  (FIM),  the  atom- 
probe  FIM  and  the  scanning  tunneling  microscope  (STM) ,  the  dynamical 
behavior  of  surfaces  and  interfaces  of  submicron  size  structures  of 
materials  can  be  studied. 

There  are  two  kinds  of  stability  of  the  materials  one  must  consider. 
These  are  the  physical  stability  and  the  chemical  stability.  Physical 
stability  refers  to  mechanical  stability  and  thermal  stability.  The 
thermal  stability  arises  from  the  atomic  structure  change  and  the 
material  shape  change  produced  by  thermal  effects  such  as  the 
dissociation  of  atoms  from  lattice  steps,  surface  diffusion  of  these 
atoms,  stepping  up  and  down  the  lattice  steps  of  diffusing  atoms,  adatom- 
adatom  interaction,  and  adatom- substrate  interactions,  etc. [Ehrlich  and 
Stolt,  1980;  Bassett,  1981;  Tsong,  1988a,  1988b],  These  effects  can  be 
investigated  with  the  FIM,  STM  and  atom-probe  FIM.  For  the  chemical 
stability,  we  refers  to  oxidation,  corrosion,  surface  segregation  and 
impurity  segregation,  etc.  These  phenomena  can  be  Investigated  with  the 
atom-probe  FIM.  Here  I  will  summarize  some  of  our  recent  investigations 
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of  the  dynamics  and  stabilities  of  solid  surfaces  using  the  FIM,  STM  and 
atom -probe  FIM. 

2.  THE  BEHAVIOR  OF  SINGLE  ATOMS  AND  SMALL  ATOMIC  CLUSTERS  ON  SURFACES 


Several  aspects  of  the  behavior  of  single  atoms  and  small  atomic  clusters 
on  solid  surfaces  have  been  studied  with  the  field  ion  microscope.  The 
advantage  of  using  FIM  for  this  type  of  studies  is  that  an  atomically 
perfect  surface  can  be  developed  by  low  temperature  field  evaporation. 
While  the  atomic  structure  of  the  substrate  may  not  be  resolved  in  the 
field  ion  image,  atoms  in  a  small  cluster  can  usually  be  resolved.  The 
temperature  of  the  surface  can  be  changed  without  undue  efforts .  Some  of 
the  phenomena  studied  include  surface  diffusion  of  single  atoms  and  small 
atomic  clusters,  adatom- adatom  interactions,  adsorption  layer 
superstructure  formation,  structure  transformation  of  small  atomic 
clusters  on  the  surface,  atom- substrate  interactions,  and  dissolution  of 
surface  layers  at  high  temperature  etc.  In  Fig.  1,  data  for  surface 
diffusion  of  single  Ir  adatoms  on  the  Ir  (100)  and  (111)  surfaces  are 
shown.  The  activation  energies  of  the  very  smooth  (111)  and  the  less 
smooth  (100)  surfaces  differ  by  a  factor  greater  than  4,  0.22±0.04  eV  vs. 
0.93±0.03  eV,  but  the  pre- exponential  factors  have  the  same  order  of 
magnitude  of  -10~3  cm2/s[Chen  and  Tsong,  1989]. 


Fig.  1 


When  the  temperature  of  a  crystal  is  raised,  surfaces  of  lower  free 
surface  energy  will  grow  in  size  while  those  of  larger  free  surface 
energy  will  reduce  in  size.  This  is  achieved  by  a  gradual  dissociation 
of  surface  atoms  from  the  edge  of  a  plane,  and  then  diffuse  and  be 
absorbed  elsewhere.  The  dissociation  energy  of  atoms  from  the  edge  of  a 
surface  layer  can  be  derived  from  the  slope  of  an  Arrhenius  plot  where 
the  logarithm  of  the  inverse  time  of  dissolving  a  surface  layer  is 
plotted  against  the  inverse  of  the  surface  temperature [Chen  and  Tsong, 
1989],  An  example  for  the  dissolution  of  the  Ir  (100)  layer  is  shown  in 
Fig.  2.  From  the  slope  it  is  found  that  the  dissociation  energy  is  about 
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1.4  eV.  We  have  also  studied  the  temperature  dependence  of  the  structure 
transformation  of  small  Ir  clusters  on  the  Ir  (100)  surface.  On  this 
surface,  clusters  formed  at  low  temperatures  are  usually  linear.  Upon 
heating  to  high  temperatures,  however,  the  cluster  may  transform  into  a 
two-dimensional  structure  if  the  number  of  atom  in  the  cluster  is  larger 
than  or  equal  to  6[Schoebel  and  Kellogg,  1988].  For  3-atom  clusters,  the 
Xn(p1D/p2D)  vs.  1/T  plot  shows  two  linear  sections,  one  with  an 
activation  energy  of  0.347  eV,  which  we  attribute  to  the  difference  in 
the  total  binding  energies  of  the  cluster  in  the  1-D  and  2-D  structures, 
and  one  with  an  activation  energy  as  high  as  3.89  eV.  At  the  present 
moment,  we  have  no  interpretation  of  why  there  is  this  section,  and  why 
the  activation  energy  is  so  high.  FIM  experiments  consistently  observe 
adatom-adatom  interactions  of  strength  on  the  order  of  0.1  eV  or 
less[Tsong,  1988a]. 


III.  Topographical  Changes  of  Surfaces 

To  study  the  topographical  changes  of  the  surface  of  a  solid  or  a  thin 
film,  the  STM  is  most  suitable.  From  the  FIM  studies  of  the  behavior  of 
atoms  and  clusters  on  the  surface  of  various  materials,  it  can  be 
expected  that  for  soft  materials  such  as  gold,  atoms  should  be  able  to 
move  at  temperatures  much  lower  than  the  room  temperature .  The  FIM  is , 
however,  not  suitable  for  studying  topographical  changes  of  surfaces  of 
solids  and  thin  films  since  FIM  observations  can  be  done  only  on  'smooth' 
emitter  surfaces  where  the  field  distribution  is  fairly  uniform.  STM,  on 
the  other  hand,  is  particularly  powerful  for  such  studies.  The  advantage 
of  the  STM  is  that  the  atomic  structures  as  well  as  the  topography  of 
surfaces  of  solids  and  thin  films  can  be  obtained  either  in  vacuum  or  in 
atmosphere.  In  Fig.  3,  we  show  the  formation  of  a  new  lattice  step  on 
the  surface  of  a  thin  film  of  gold  deposited  on  a  thin  carbon  film[Tsong 
et.  al.,  1989a],  The  two  images  were  taken  about  5  minutes  apart  in  the 
atmosphere .  Generation  of  a  new  atomic  step  on  the  gold  surface  is 
clearly  visible  as  indicated  by  the  arrows.  At  the  present  time, 
however,  there  is  a  serious  difficulty  of  using  the  STM  for  studying 
quantitatively  surface  atomic  processes  as  the  sample  temperature  cannot 
be  easily  changed  without  also  inducing  a  thermal  drift  of  the  STM. 
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Fig.  3  - ^2-oo a - *- 


IV.  Binding  Energy  of  Surface  Atoms 

The  binding  energy  of  surface  atoms  with  the  substrate  can  be  derived 
from  the  critical  energy  deficit  of  low  temperature  field  desorbed  ions. 
In  other  words,  the  binding  energy  of  surface  atoms  in  their  adsorption 
sites  can  be  derived  by  measuring  the  ion  energy  distribution  of  low 
temperature  field  desorbed  ions.  It  can  be  easily  shown[Tsong  et.  al. 
1989b]  that  the  binding  energy  of  kink  site  atoms  is  identical  to  the 
cohesive  energy  of  the  solid  which  is  on  the  order  of  several  eV  for  most 
solids.  In  order  to  be  able  to  measure  the  binding  energy  of  surface 
atoms  to  an  accuracy  of  a  few  %,  or  to  about  0.2  eV,  the  ion  energy 
analysis  has  to  have  an  accuracy  of  one  to  two  parts  in  100,000  as  the 
kinetic  energy  of  field  desorbed  Ions  is  usually  in  the  range  of  10  to  20 
keV.  We  have  developed  a  high  resolution  pulsed-laser  time-of  flight 
atom-probe  and  a  method  for  the  accurate  calibration  of  the  system  to 
achieved  the  desired  accuracy  in  the  ion  energy  distribution  measurement. 
In  Fig.  4,  a  diagram  of  the  system  Is  shown  and  in  Fig.  5,  a  time  of 
flight  energy  spectrum  for  tungsten  in  low  temperature  field  evaporation 
is  shown.  The  binding  energies  of  kink  site  tungsten  atoms  in  tungsten 
and  of  rhodium  kink  site  atoms  In  rhodium  from  two  separate  measurements 
are  listed  in  Table  1.  Our  result  is  in  excellent  agreement  with  the 
cohesive  energies  of  W  and  Rh  listed  in  a  standard  table[Kittel,  1986], 
The  advantage  of  this  low  temperature  field  evaporation  method  as 
compared  to  other  thermodynamic  methods  is  that  the  desorption  is  done  at 
low  temperature  where  the  atoms  remain  in  their  original  adsorption 
sites.  In  other  thermal  desorption  methods,  atoms  may  diffuse  to  other 
sites  before  they  are  desorbed.  The  desorption  energy  derived  is  not 
really  the  same  as  the  binding  energy.  In  any  case,  it  is  not  site 
specific  as  in  our  method. 

IV.  Chemical  Stability  of  Surfaces 

Atom-probe  FIM,  with  its  ability  to  chemically  analyze  a  solid  surface 
one  atom  at  a  time  and  one  atomic  layer  at  a  time,  is  ideally  suited  for 
studying  the  chemical  stability  of  solid  surfaces  and  interfaces  such  as 
oxidation,  corrosion,  surface  segregation,  and  impurity  segregation,  etc. 
of  submicron  size  materials.  An  example  is  the  study  of  surface 
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Table  1.  Binding  Energy  of  Kink  Site  Atoms 


Element 

Measured  AEc(eV) 

Charge  State 

Measured  Efc  (eV) 

Ec  (eV) 

Ref. 

W 

45.51+0.47 

3+ 

9.0310.47 

8.90 

(a) 

45.36+0.51 

3+ 

8.8810.51 

It 

(b) 

Rh 

22 . 44±0. 32 

2+ 

5.9010.32 

5.75 

(a) 

22 .46±0. 16 

2+ 

5.92+0.16 

It 

(b) 

Ionization  energies  for  W  are:  1^7.98  eV,  I2“18  eV,  I3=*24  eV.  For  Rh, 
1^7.46  eV,  I2-18.08  eV. 

(a)  J.  Liu  and  T.  T.  Tsong,  to  be  published  in  J.  de  Phys.  Coll.  (b)  Y. 
Liou  and  T.  T.  Tsong.  See  J.  de  Phys.  Coll.,  49,  C6-105  (1988). 
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segregation  and  impurity  cosegregation  of  Pt-Rh  alloys [Ahmad  and  Tsong, 
1986;  Ren  and  Tsong,  1987],  As  shown  in  Fig.  6,  when  a  Pt-44 . 8at%Rh 
alloy  is  annealed  to  700  °C  and  then  quenched,  the  composition  of  the  top 
(001)  layer  is  found  to  be  enriched  with  Pt  and  the  second  layer  is 
depleted  with  Pt.  However,  when  the  sample  contains  about  50  ppm  of 
sulfur,  sulfur  atoms  segregate  to  the  surface  to  form  an  over  layer.  In 
addition,  the  top  surface  layer  of  the  alloy  is  now  enriched  with  Rh,  and 
the  second  layer  is  depleted  with  Rh.  Such  a  reversal  of  segregation 
species  of  an  alloy  by  the  presence  of  sulfur  impurity  atoms  is  most 
interesting,  and  is  definitly  important  in  understanding  the  catalytic 
properties,  such  as  the  poisoning  and  promotion  effects  by  impurity 
atoms,  of  the  alloy. 

V.  SUMMARY 


We  have  shown  that  by  using  the  FXM,  the  STM  and 
the  Atom-Probe  FIM,  it  is  possible  to 
investigate  the  various  aspects  of  the  dynamical 
behavior  and  the  stability  of  solid  surfaces  on 
a  subnanometer  scale.  These  studies  are 
important  for  our  understanding  of  both  the 
physical  and  mechanical  stabilities  and  useful 
lifetimes  of  microelectronic  components  of 
submicron  sizes. 


Fig.  6 


Number  of  Layers 
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Investigation  of  field  emitting  microstructures  by  scanning  electron  and 
scanning  tunnelling  microscopy 
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ABSTRACT:  A  study  of  enhanced  field  emission  on  broad  area  niobium  cathodes 
is  presented.  Emitting  sites  have  been  investigated  by  field  emission  scans, 
scanning  electron  microscopy  and  scanning  tunneling  microscopy.  All  except  one 
of  14  studied  emitters  are  of  micron  or  submicron  size.  A  trend  is  observed  for 
the  emitting  structures  to  be  smaller  than  predicted  from  the  protrusion  model  as  is 
also  demonstrated  with  the  aid  of  a  specific  example  of  a  field  emitting  site. 

1.  INTRODUCTION 

On  macroscopic  metal  cathodes  subjected  to  high  electric  fields  electron  field  emission 
is  observed  at  fields  which  are  much  below  the  value  predicted  by  the  Fowler-Nordheim 
law  for  flat,  metallic  surfaces.  The  characterization  and  understanding  of  this  enhanced 
field  emission  (EFE)  is  important  for  high  field  vacuum  applications  (Latham,  1989).  It 
is  well  established  that  EFE  most  typically  originates  from  localized  microparticles  on  a 
broad  area  cathode  (Niedermann  et  al,  1986,  Renner  et  al,  1989).  However,  the 
physical  mechanism  of  EFE  is  not  understood  in  detail. 

In  our  earlier  experiments,  we  had  noticed  a  trend  for  the  dominating  EFE  sites  on 
chemically  polished  Nb  to  be  of  smaller  size  than  the  ones  found  on  Nb  that  was  heat- 
treated  in  addition.  Submicron  EFE  sites  appeared  as  an  interesting  starting  point  to 
explore  the  use  of  a  scanning  tunneling  microscope  (STM)  in  addition  to  our  more 
standard  characterization  of  EFE  sites.  The  possibility  to  obtain  both  nanometer 
resolution  topography  and  information  on  field  emission  properties  makes  the  STM  an 
attractive  tool  for  such  investigations. 

2.  EXPERIMENTAL 

Field  emission  sites  on  two  chemically  polished  niobium  samples  were  characterized  in 
a  standard  way  with  our  field  emission  scanning  microscope  (FESM,  Niedermann  et  al., 
1986).  This  characterization  includes  local  determination  of  field  enhancement  factor  p 
and  f.tparent  emitting  surface  S  from  Fowler-Nordheim  (F-N)  plots  as  well  as  SEM 
images  (ex-situ)  of  the  emitting  features.  In  addition,  an  STM  which  has  recently  been 
integrated  (Emch  et  al.,  1988)  in  our  FESM  has  been  used  to  investigate  the  previously 
identified  EFE  sites.  An  integrated  SEM  (0.5  |im  resolution)  allows  us  to  observe  the 
positions  of  the  high-voltage  anodes  and  of  the  STM  tip  so  that  features  of  interest  can 
be  localized  without  ambiguity. 

3.  RESULTS 

Table  1  lists  the  measured  values  of  P  and  S  as  well  as  the  physical  size  of  the 
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No. 

(3 

S  [cm2] 

(3xVs  [pm] 

size  [pm] 

observation 

composition 

1/1 

60 

lxlO'10 

6 

-0.1 

SEM+STM 

1/2 

45 

4xl0‘° 

9 

0.25 

SEM+STM 

1/3 

75 

lxlO'12 

0.75 

40x10 

SEM 

C,O.AI,Si,Ca,Fe 

1/4 

32 

2x10^ 

45 

1 

SEM+STM 

Cu 

1/6 

45 

lxlO'9 

14 

0. 1x0.3 

SEM 

1/8 

32 

lxlO'1 

900 

0.4 

SEM 

Cu,Al 

1/9 

47 

lxlO'9 

15 

0.2x0.6 

SEM 

2/1 

55 

lxlO10 

5.5 

1 

SEM+STM 

2/2 

70 

4x1  O' 10 

14 

0.15x0.35 

SEM+STM 

2/4 

48 

lxlO'10 

4.8 

1 

SEM+STM 

2/5 

60 

4x1  O' 10 

12 

0.3x1 

SEM+STM 

W 

2/6 

52 

lxlO9 

15 

0. 1x0.5 

SEM+STM 

2/8 

50 

4xl0‘° 

10 

<0.1 

SEM 

2/9 

53 

lxlO10 

5 

0.7 

SEM 

Cu 

Table  1 

Measured 

field  enhancement  factor  p  and  apparent  emitting  surface  S, 

predicted  and  observed 

physical  size,  methods  of  observation  and  elemental  composition  of  the  studieJ  field  emitting  structures. 

structures  found  at  the  emitting  locations.  In  contrast  to  earlier  detailed  investigations 
on  niobium  (Niedermann  et  al.,  1986)  and  AI  cathodes  (Renner  et  al.,  1989),  all  but  one 
(site  1/3)  of  the  emitting  structures  on  the  present  samples  were  of  submicron  or  micron 
size.  Table  1  also  indicates  where  the  EFE  site  has  been  successfully  localized  by 
STM  in  the  sense  that  a  strong  emission  site  was  identified  and  localized  with  respect 
to  SEM.  Structures  smaller  than  0.5  pm  identified  by  SEM  alone  are  only  probable 
candidates  for  EFE  sites.  At  most  of  the  sites  (except  site  1/1,  which  was  too  small  to 
be  studied  in  detail,  and  2/5,  which  was  associated  with  a  crater  due  to  a  spark),  a 
microscopic  particle  sitting  on  top  of  the  niobium  was  found  to  be  associated  with  EFE. 
The  earlier  qualitative  observation  that  lightly  fixed  particles,  often  of  ’flake-like’ 
morphology,  was  again  made  for  a  majority  of  the  present  sites.  Some  of  the  structures 
were  large  enough  for  x-ray  microanalysis  (see  Table  1).  Since  this  method  has  poor 
sensitivity  for  carbon,  the  present  findings  on  composition  are  not  in  contradiction  with 
earlier  results  that  EFE  sites  often  consist  of  graphite. 

In  the  model  of  purely  electrostatic  field  enhancement  due  to  a  metallic  cylinder  of 
height  h  topped  by  a  hemisphere  of  radius  r,  (3  is  given  by  h/r+2  and  S  is  of  order  r2. 
For  large  (3,  h  is  therefore  of  order  f3r  ~  J3\fS.  The  latter  quantity  is  listed  in  Table  1 
and  gives  an  independent  estimate  of  the  total  size  of  the  emitting  structures.  One  has 
to  keep  in  mind  that  S  values  are  subject  to  relatively  large  experimental  uncertainties. 
Also,  if  EFE  originates  from  a  metal,  the  image  force  has  to  be  corrected  for  which 
would  reduce  the  measured  S  values  by  a  factor  102  (Niedermann,  1986)  and  thus  the 
measured  pVS  values  by  ten.  But  even  including  this  correction,  there  remains  a 
discrepancy  between  predicted  and  observed  size  of  the  emitting  structures.  Most  of  the 
particles  found  at  the  EFE  sites  seem  too  small  to  explain  EFE  by  electrostatic  field  en¬ 
hancement  alone.  Other  models  which  could  be  able  to  explain  EFE  are  described  by 
Latham  (1989). 

We  will  now  describe  the  specific  example  of  site  1/1  which  is  an  extreme  case  of  a 
submicro  feature.  Figure  1  shows  the  SEM  image  of  this  site  where  no  feature  is 
visible  to  0.1  pm  resolution.  Occasionally,  emitting  sites  without  detectable  anomalous 
structure  in  the  SEM  (0.5  pm  resolution)  had  also  been  found  earlier  (Niedermann  et 
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Figure  1  (right)  SEM  image  of  EFE  sile  1/1.  Rec¬ 
tangle  indicates  scan  area  of  Fig.2a. 


Figure  2a  (bottom)  STM  scan  in  field  emission 
mode  (U=+80  V,  1=1  nA)  over  5.8x4.2  pm.  Scale 
divisions  are  0.5  pm. 

Figure  2b  (bottom  right)  STM  scan  in  topographic 
mode  (U=-5  V,  1=0.2  nA)  at  the  same  scale.  The 
arrow  points  to  a  feature  of  0.1  pm  size  which  we 
associate  with  the  emission  site.  The  flat  part  of  the 
image  is  shown  separately,  blown  up  lOx  in  z  direc¬ 
tion,  with  arrows  pointing  to  -5  nm  steps  on  the  Nb 
surface. 


10  (im 


al.,  1986).  Figure  2a  shows  an  STM  image  obtained  in  field  emission  mode  at  the 
location  of  site  1/1  and  Fig. 2b  shows  an  image  obtained  in  topographic  mode  with  a 
slight  offset  in  position.  The  large  bump  in  Fig.2a  is  significant  for  an  EFE  site;  the 
strong  emissivity  of  the  site  makes  the  tip  move  around  it  a*  nance  of  the  order  of 
0.5  pm.  At  the  corresponding  location  in  the  topograph1  of  Fig.2b,  a  feature  of 

about  0.1  pm  size  is  observed  (arrow).  In  addition,  somewimi  enhanced  emission  (from 
the  amplitude  in  the  z  deviation,  we  estimate  P—4)  is  observed  along  two  lines  visible 
on  the  left  of  Fig. 2a  which  have  been  found  to  be  associated  with  steps  of  -  5  nm 
height  (arrows  in  Fig.2b).  This  is  a  likely  case  of  purely  electrostatic  field  enhance¬ 
ment.  After  the  image  in  Fig.2a  was  made,  the  STM  was  centered  above  the  maximum 
of  the  emission  due  to  the  EFE  site,  and  the  tip  to  surface  separation  s  was  determined 
to  be  610  nm  by  a  U  vs  z  plot  (Fig. 3a)  taken  at  constant  current.  A  F-N  plot  was  then 
taken  with  the  tip  fixed  at  this  distance,  and  under  the  approximation  of  parallel  planes 
the  F-N  fit  gave  P=34  and  S=4xl0‘12cm2  (Fig.3b).  Given  the  relatively  strong  non- 
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Figure  3a  (left)  Tip  voltage  versus  tip  z  position  at  constant  current  (1  nA);  3b  (right)  F-N  plot  taken 
with  the  tip  locked  in  position  610  nm  above  the  EFE  site.  Linear  fit:  see  text 

linearity  that  this  site  displayed  in  the  F-N  plot,  and  the  nature  of  the  above  approxima¬ 
tion,  these  values  can  be  considered  in  qualitative  agreement  with  those  listed  in  table 
1.  Unfortunately,  after  the  topographic  STM  scan  of  Fig.2b,  the  emission  at  this  site 
was  strongly  reduced  preventing  further  zooming  on  the  site  with  the  STM.  Thus,  the 
emitting  site  was  modified  by  the  proximity  of  the  tip;  its  size  cannot  have  been 
strongly  reduced,  however,  since  otherwise  a  feature  should  have  been  visible  earlier  in 
the  SEM.  The  dimension  of  the  active  microstructure  can  therefore  be  estimated  to 
-0.1  pm.  We  would  like  to  point  out  that  the  apparent  emitting  surface  (see  table  1) 
of  this  rite  is  comparable  to  its  physical  size,  which  is  in  strong  contrast  to  the  assump¬ 
tion  of  purely  electrostatic  field  enhancement. 

We  believe  that  the  STM  is  a  promising  tool  to  study  field  emission  phenomena  as¬ 
sociated  with  structures  of  submicron  down  to  nanometer  scale.  The  STM  has  com¬ 
pleted  our  FESM  with  the  possibility  to  relate  topographic  information  and  info  .r  ‘.ion 
on  field  emission  strength  with  high  spatial  resolution.  It  is  now  possible  to  study  EFE 
behaviour  on  broad  area  cathodes  from  low  electric  fields  corresponding  to  high  p 
values  up  to  the  theoretical  Fowler-Nordheim  limit  of  the  order  of  4  GV/m  correspond¬ 
ing  to  P  =  1.  A  method  to  directly  compare  information  on  topography  and  field 
emission  strength  by  modulating  s  is  presented  elsewhere  (Niedermann  et  al„  1989). 
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ABSTRACT:  By  means  of  a  scanning  tunneling  microscope  (STM)  integrated 
into  a  scanning  electron  microscope  (SEM),  we  have  been  able  to  create 
nanometer-size  metallic  structures  on  a  Si  substrate  from  organometall ic 
gases.  A  combined  topographic/local  barrier  height  study  has  been 
undertaken  in  order  to  achieve  a  better  understanding  of  the 
lithographic  process. 


1.  INTRODUCTION 

In  the  last  few  years,  Scanning  Tunneling  Microscopy  (STM)  (Binnig  et  al , 
1982)  has  proven  to  be  a  powerful  and  versatile  technique  to  investigate 
the  topographic  and  electronic  structure  of  metals  and  semiconductors  with 
an  unprecedent  vertical  (O.Olnm)  and  lateral  (0.2nm)  resolution.  The  local 
character  of  the  STM  probe  has  also  been  used  as  a  tool  for 
nanolithography.  Some  advantages  are  connected  with  the  high  current 
density,  which  is  obtained  without  use  of  any  external  focussing  system, 
and  the  low  beam  energy,  which  reduces  the  radiation  damage. 

Many  different  approaches  have  been  used  with  STM  to  produce 
microstructures.  In  this  work,  we  have  used  the  ability  of  STM  to  form 
deposits  from  organometall ic  compounds.  The  technique  was  first  applied  by 
Ehrichs  et  al  (1988)  and  McCord  et  al  (1989).  We  have  used  an  STM  integrated  into 
a  scannig  electron  microscope  (SEM)  to  produce  the  deposits.  This  allows  to 
observe  the  actual  tip  which  operates  during  the  lithographic  process.  We 
have  also  measured  topographic  and  local  barrier  height  images 
simultaneously,  in  order  to  achieve  a  more  complete  characterization  of  the 
deposits. 

2.  EXPERIMENTAL 

Our  STM/SEM  combination  has  been  described  in  detail  earlier  (V£zquez  et 
al ,  1988).  In  short,  it  consists  of  an  STM  placed  on  the  sample  stage  of  a 
commercial  SEM  allowing  the  simultaneous  operation  of  both  microscopes.  In 
that  way,  we  can  combine  the  high  resolution  feature  of  the  STM  with  the 
large  scanning  area  of  the  SEM. 

Metallic  deposits  were  created  on  a  p-doped  Si  substrate  (resistivity  = 
0.01  Ohm. cm)  from  an  organometall ic  gas  (W(CO)g)  by  applying  short 
voltage  pulses  between  ti r  and  sample.  The  base  pressure  of  the  STM/SEM 
chamber  was  10~6  torr.  The  entrance  of  the  organometall ic  gas  was 
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controlled  with  a  leak  valve.  During  lithographic  processes,  typical 
operating  pressures  ranged  from  O.lxlO‘3  to  20xl0"3  torr. 

STM  images  were  acquired  and  processed  by  means  of  a  fully  automated  PC-AT 
workstation  (Bejar  et  al ,  1989).  Typical  scanning  rate  was  1  Hz.  Barrier 
height  images  were  acquired  simultaneously  with  topographies  by  modulating 
the  tip-to-sample  distance  at  a  frequency  of  1  Khz  and  peak  to  peak 
amplitude  of  0.25  nm  and  measuring  the  tunnel  current  with  a  lock-in 
amplifier,  following  a  well-established  technique  (Binnig  and  Rohrer, 
1986) . 

3.  RESULTS  AND  DISCUSSION 

Figure  1  shows  a  3D  view  of  one  of  our  metallic  deposits.  It  was  fabricated 
by  applying  a  short  voltage  pulse  (10  msec)  of  -25  V  (tip  negative)  at  a  20 
nA  current.  The  STM  image  was  then  acquired  with  a  tip-to-sample  voltage 
of  +2  V.  at  1  nA.  Figure  2  displays  the  local  barrier  height  image  (left) 
as  well  as  the  topographic  contour  map  (right)  of  the  same  data  as  in 
Figure  1.  As  deduced  from  Figures  1  and  2,  a  small  central  deposit  (about 
100  nm  in  diameter),  with  higher  barrier  height  than  the  substrate,  was 
created. 

Figure  3  is  a  SEM  micrograph  showing  the  STM  probing  tip  as  well  as  a 
larger  metallic  deposit  (not  the  same  as  in  Figure  1)  after  a  lithographic 
process. 

Several  important  features  characterize  the  deposit  imaged  in  Figures  1  and 
2: 

(i)  In  addition  to  the  central  hill  which  forms  the  main  part  of  the 
deposit,  there  is  a  ring  concentric  with  the  hill  with  a  positive 
corrugation  (about  2  nm  high).  This  particular  fact  was  an  exception  with 
respect  to  many  other  deposits  that  we  produced.  Thus,  we  do  not  believe 
that  this  is  a  characteristic  feature  of  the  deposition  process.  We 
tentatively  attribute  this  external  ring  to  a  tip  shape  effect.  We  have  in 
fact  observed  that  many  electrochemical ly  prepared  W  tips  (as  the  one  here 
used)  show  a  concave  surface  which  terminates  quite  abruptly  into  the 
lateral  surface  of  the  wire.  This  edge  would  produce  a  higher  number  of 
field-emitted  electrons,  due  to  the  higher  field  at  this  point.  The  tip 
shape  effect  is  supported  by  Figure  3:  this  SEM  micrograph,  taken  on  a 
different  deposit,  shows  that  the  size  of  the  fabricated  strucrure  is 
exactly  the  same  as  the  size  of  the  very  end  of  the  STM  tip. 

We  would  like  to  emphasize  the  interest  of  measuring  in  this  case  the 
local  barrier  height  image  (Figure  2  left).  The  fact  that  the  surrounding 
ring  has  the  same  barrier  height  value  as  the  central  protrusion  and  higher 
than  in  the  substrate  favours  the  interpretation  which  attributes  the  whole 
structure  to  a  metallic  deposit.  Other  possible  interpretation  would 
attribute  the  structure  to  a  contamination-like  (instead  of  metallic) 
deposit.  As  Gdmez-Rodrfguez  et  al  (1989),  among  others,  have  shown,  a 
contaminated  part  would  lead  to  a  very  small  value  (nearly  zero)  of  the 
barrier  height.  The  metallic  character  is  then  supported. 

(ii)  Between  the  hillock  and  the  ring,  there  is  an  interface  characterized 
by  a  valley  of  negative  corrugation.  This  could  be  a  real  topographic 
effect  which  could  be  attributed  in  some  way  to  an  etching  process. 
Nevertheless,  this  negative  corrugation  could  be  also  an  electronic  effect 
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Figure  1.  3-dimensional 
STM  shaded  view  of  a 
metallic  deposit  created 
by  applying  -25  V  at  20 
nA  for  10  mseconds. 


Figure  2.  (a)  Contour 
map  of  the  same  data 
as  in  Fig. 1. The  gray¬ 
scale  range  is  32  nm. 
(b)  Local  barrier 
height  image  of  the 
same  data. 


Figure  3.  SEM  micrograph 
showing  a  different 
metallic  deposit  as  well 
as  the  STM  probing  tip 
after  a  lithographic 
process. 
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when  imaging  the  structure  with  the  STM.  It  could  be  produced  by  the  change 
in  the  electronic  properties  in  the  metal -Si -metal  surface.  As  a  matter  of 
fact,  the  Si-W  Schottky  barrier  produces  a  0.45  eV  band  bending  in  the 
p-semi conductor  (Sze,  1981).  Thus,  the  surface  would  be  depleted  of  valence 
band  electrons,  inducing  an  apparent  negative  corrugation  for  positive  tip 
voltages.  We  are  actually  studying  this  effect  in  a  more  systematic  way. 

Concerning  the  mechanism  of  the  lithographic  process,  several  possibilities 
have  been  advanced  (Ehrichs  et  al,1988;  McCord  et  al).  We  believe  that  the 
process  consists  of  breaking  the  adsorbed  organometal 1 ic  molecules  on  the 
Si  surface  by  the  bombardment  with  field-emitted  electrons.  We  lean  our 
belief  in  some  numbers  than  come  from  our  experimental  data.  The  total 
charge  during  the  deposition  process  in  Figure  1  was  Ixt  =  2xl0-9  C. 
Assuming  a  yield  of  1  in  the  collisions  of  electrons  and  gas  molecules, 
this  would  produce  1.2xl09  metallic  fragments.  Taking  the  topographic 
data  on  Figures  1  and  2,  we  estimate  between  107  and  108  metallic 
fragments  on  that  deposit.  Another  interesting  quantity  is  the  actual 
number  of  gas  molecules  colliding  within  the  area  of  the  deposit  on  the  Si 
substrate  during  the  short  voltage  pulse.  We  obtain  2xl06,  an  order  of 
magnitude  too  low.  This  would  indicate  that  the  existing  multilayer  of 
gas  adsorbed  on  the  surface  is  actually  the  responsible  of  the  observed 
deposit.  We  think  that  these  crude  estimates  give  some  figures  reasonably 
close  to  the  experimental  situation. 

In  conclusion,  we  have  been  able  to  create  nanometer-size  deposits  on  a  Si 
substrate  from  organometal! ic  gases  using  an  STM/SEM  combined  system.  The 
metallic  character  of  these  deposits  has  been  asserted  from  STM  barrier 
height  measurements. 
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Analysis  of  particle  trajectories  on  an  interactive  desktop  system 
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ABSTRACT: 

The  software  suite  CIELAS2  provides  rapid  interactive  calculation  of  trajectories  and 
electron-optical  properties  for  particle  beams  in  systems  of  2-D  geometry.  Behaviour  near 
a  thermionic  cathode  is  modelled  accurately  even  when  the  mesh  spacing  is  too  coarse  to 
show  the  potential  minimum.  The  displacement  of  trajectories  by  asymmetric  or  symmetric 
perturbations  of  electrodes  can  be  displayed.  The  operation  of  PC-compatible  computers 
has  been  enhanced  to  allow  the  program  to  be  run  on  widely-available  hardware. 


1.  INTRODUCTION 

There  is  a  continuing  need  to  find  details  of  the  behaviour  of  beams  of  electrons  and  ions  for 
many  applications  including  electron-beam  lithography,  ion-beam  milling,  electron 
microscopy.  X-ray  analysis,  electron-beam  welding,  imaging  and  microwave  devices.  For 
these  purposes  it  is  valuable  to  have  a  computational  tool  which  can  rapidly  report  a  wide  range 
of  information  about  the  system  under  analysis,  with  interactive  facilities  for  changing  the 
design  parameters  and  enabling  the  effects  of  these  changes  to  be  shown  quickly. 

The  software  suite  CIELAS2  has  been  developed  to  provide  rapid  definition  of  the  geometry  of 
electrodes,  calculation  of  the  particles'  trajectories  and  analysis  of  the  resulting  particle  beam,  in 
systems  of  axial  or  translational  symmetry.  The  geometry  can  be  defined  by  use  of  a  graphical 
editor,  and  mesh  generation  can  be  carried  out  automatically,  with  provision  for  varying  the 
mesh  density.  Finite-element  methods  are  then  used  to  find  the  distribution  of  electric  potential 
in  the  presence  of  space-charge,  or  the  magnetic  field  of  coil  systems  with  (possibly  non-linear) 
ironwork.  When  these  potential  distributions  are  known,  the  trajectories  of  particles  of  any 
charge/mass  ratio  can  be  traced,  in  a  relativistically  correct  manner.  The  particles  can  be 
launched  from  a  thermionic  cathode,  from  a  given  file  of  data,  or  as  if  from  a  point  source. 
More  than  one  electron  can  be  launched  from  each  emitting  point,  over  a  range  of  angles.  The 
current  density  over  a  thermionic  emitter  can  be  found  by  iteration,  including  correctly  the 
effects  of  thermal  velocities  and  the  potential  minimum  near  the  cathode.  When  the  trajectories 
are  known,  further  processing  can  be  carried  out  rapidly,  by  choice  of  command,  to  display 
stored  trajectories,  contours  of  variables,  current  density  distribution  across  the  beam  or  at  the 
cathode,  envelope  of  a  given  percentage  of  beam  current,  electron-optical  emittance 
(phase-plane  plot)  and  other  electron-optical  parameters.  Trajectories  can  be  saved  at  exit  from 
one  section  and  launched  into  an  adjacent  one,  possibly  of  different  scale.  The  program  can 
show  the  effects  on  the  beam  of  perturbation  of  electrodes,  including  tilts  and  transverse 
displacements,  ellipticity,  axial  displacement  and  change  of  diameter.  The  effects  of  these 
perturbations  on  the  beam  in  further  sections  of  the  system  can  also  be  shown. 

In  order  to  make  possible  the  use  of  an  inexpensive  but  powerful  workstation,  the  capabilities 
of  PC  systems  (from  Amstrad  to  80386)  have  been  enhanced  in  many  ways.  As  a  result,  a 
desktop  computer  using  the  80386  processor  and  80387  co-processor  running  at  20  MHz  rate 
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can  assemble  coefficients  and  produce  a  first  solution  for  voltage  on  a  57  x  1 19  mesh  in  191 
seconds.  Subsequent  solutions  for  the  same  geometry  are  obtained  in  1 15  seconds. 


2.  GEOMETRIC  DEFINITION  AND  DISPLAY  FACILITIES 

The  geometry  of  the  system  to  be  analysed  is  defined  by  means  of  the  associated  program 
BSPEC.  In  this  program,  the  lines  forming  the  mesh  are  defined  in  two  stages.  First,  'major* 
lines  are  defined,  to  correspond  to  the  surfaces  of  electrodes  or  other  major  subdivisions 
needed,  e.g.  for  specifying  the  emitting  area  of  a  cathode.  Then,  between  adjacent  pairs  of 
major  lines,  groups  of  'minor'  mesh  lines  are  defined.  The  number  of  minors  in  each  group 
can  be  chosen  (subject  to  a  maximum  for  the  total),  and  their  spacing  can  be  varied  in  geometric 
progression  by  a  simple  command.  The  program  can  generate  automatically  a  distribution  of 
minor  lines  over  the  whole  problem  area,  and  this  mesh  can  then  be  modified  locally  if 
required.  Both  major  and  minor  lines,  and  individual  mesh  points,  can  be  altered  easily  by 
using  the  graphical  editing  facilities  provided.  Regions  of  the  mesh  can  be  displayed, 
magnified,  in  windows  of  any  dimensions,  for  increased  accuracy  where  required.  Areas  of 
material  defined  in  cross-section  can  be  specified  to  be  conductors  or  coil  sections,  to  have 
given  values  of  relative  permittivity  or  permeability  or  non-linear  magnetic  properties,  or  to 
have  given  emission  constants,  as  required. 


3.  FINITE-ELEMENT  SOLUTION 

In  order  to  trace  trajectories  correctly  in  axisymmetric  systems,  it  has  been  found  essential  to 
model  accurately  the  distribution  of  variables  near  the  axis.  Some  quantities,  such  as  the 
phi-component  of  magnetic  vector  potential,  vary  linearly  with  radius  as  the  radial  coordinate 
tends  to  zero.  Other  quantities  such  as  die  electric  scalar  potential  vary  quadratically  with 
radius,  in  the  same  limit.  In  this  program,  care  has  been  taken  that  the  interpolation  schemes 
used,  both  for  trajectory  tracing  and  for  display  of  contours,  accurately  reflect  the  type  of 
variation  near  the  axis  of  the  variable  concerned. 

To  achieve  the  maximum  speed  of  solution  for  potential  distributions,  the  80387  numeric 
co-processor  has  been  programmed  in  assembly  language.  This  has  allowed  the  internal 
registers  to  be  used  to  their  maximum  accuracy  of  80  bits,  rather  than  the  64  bits  normally 
available  with  double-precision  Fortran.  The  resulting  increase  in  accuracy  of  the  potential 
solution  has  been  found  valuable  in  problems  where  the  potential  is  nearly  constant  id  the 
electric  field  is  very  small;  then  the  increased  accuracy  reduces  the  fluctuations  in  calculated 
values  of  electric  field  and  in  the  trajectories. 


4.  ESTIMATION  OF  CURRENT  DENSITY  AT  A  THERMIONIC  CATHODE 

When  electrons  leave  a  thermionic  cathode,  the  distribution  of  their  charge  in  space  produces  a 
potential  minimum,  separated  typically  by  a  few  microns  from  the  cathode  surface.  If  this 
spacing  is  less  than  the  distance  from  the  cathode  to  the  first  mesh  point  in  front  of  it,  simple 
interpolation  using  only  the  potentials  at  mesh-points  does  not  give  accurate  estimates  of  the 
potential  gradient,  the  current  density  or  the  initial  direction  of  trajectories. 

In  the  program  CIELAS2,  the  effects  on  the  trajectories  of  the  potential  minimum  due  to 
space-charge  are  inclut  ed  correctly  even  when  the  mesh  spacing  is  too  coarse  to  show  the 
minimum.  At  some  distance  sj  from  the  cathode,  further  away  than  the  potential  minimum, 
the  voltage  Vj  is  found.  The  potential  is  assumed  to  have  a  minimum  value  Vm  (<0)  at  some 
distance  sm  from  the  cathode.  Then,  according  to  1-D  thermal  velocity  theory,  there  are 
relations  (1)  between  Vm,  sm,  the  cathode  temperature  T  and  the  current  density  J  at  the 
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minimum;  and  (2)  between  (V^-Vm),  (sj-sm),  T  and  J.  Also,  (3)  the  current  density  J 
beyond  the  minimum  is  related  to  J0 ,  the  maximum  available  at  the  cathode,  by 

J  =  JQ  exp(eVm/kT) 

These  relations  allow  Vm,  sm  and  J  to  be  found  when  Vj,  sj,  JQ  and  T  are  known. 
Then,  for  trajectory  tracing,  the  results  of  1-D  theory  can  be  used  to  obtain  more  accurate 


values  for  the  field  components  than  would  I 
mesh-points. 

Fig.  1  shows  electrons  diverging  in  many 
directions  from  points  on  the  line  of  potential 
minima.  The  variation  with  radius  of  the 
spacing  between  the  line  of  minima  and  the 
cathode  surface  can  be  clearly  seen.  This 
variation  is  related  to  the  change  of  current 
density  over  the  cathode  surface,  from  possibly 
temperature-limited  behaviour  near  the  axis,  to 
the  very  small  space-charge-limited  current 
density  at  the  beam  edge  due  to  a  negative  grid 
aperture  nearby. 


found  by  interpolation  between  values  at 


-20  0  20  Z,  microns  40 

Fig.  1  Trajectories  near  a  conical  cathode 


5.  ELECTRON-OPTICAL  CALCULATIONS 

The  program  can  display  plots  of  trajectories  (Figs  1,2)  and  also  of  beam  emittance,  or  the 
distribution  of  electrons  in  a  phase-plane  (Fig.  3)  whose  coordinates  are  radius  r  and  angle 
dr/dz,  for  a  particular  value  of  axial  coordinate  z  .  Diagrams  of  this  type  have  been  found 
particularly  useful  in  the  design  of  electron-beam  instruments,  where  they  aid  comparison 
between  the  acceptance  of  the  lens  system  and  the  distribution  available  from  a  given  gun 
design.  By  this  means  it  is  possible  to  determine  quickly  the  effect  of  changes  of  the  gun 
geometry  on  the  current  delivered  to  die  final  spot. 


Fig.  2  Trajectories  from  a  flat  cathode 


Fig.  3  Emittance  plot  at  z  =  11  mm 


The  parameters  of  rays  in  the  beam,  collected  at  one  value  of  z-coordinate  during  the  trajectory 
tracing,  can  be  used  as  data  for  further  processing.  It  appears  straightforward  to  use  this 
information  to  obtain  a  plot  of  current  density  as  a  function  of  radius.  However,  it  has  been 
found  that  the  distribution  so  calculated  may  predict  too  small  a  spot  with  too  high  a  current 
density.  In  fact,  electrons  which  leave  a  single  point  on  the  cathode  surface  arrive  at  a 
cross-section  later  in  the  system  with  different  values  of  radial  coordinate,  as  a  result  of  their 
initial  variation  of  direction.  To  obtain  an  accurate  estimate  of  the  current  distribution,  it  has 
been  found  desirable  to  trace  electrons  emitted  from  die  cathode  in  more  than  one  direction. 
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Other  information  which  can  be  obtained  from  the  coordinates  of  electrons  at  a  particular 
cross-section  includes  the  directional  intensity  -  both  the  limiting  value  on  the  axis  and  the 
value  averaged  over  chosen  ranges  of  angle  and  radius.  The  particular  calculations  made,  and 
the  form  of  their  presentation,  may  be  developed  to  suit  a  particular  application. 


6.  SOLUTION  FOR  PERTURBATION 

Facilities  have  been  provided  in  the  program,  at  the  request  of  users,  to  show  the  effects  of 
changes  in  dimensions  from  the  design  values  and  of  misalignment  of  electrodes  or  of  sections 
of  the  system.  The  types  of  perturbation  for  which  information  can  be  obtained  include: 

Axial  movement  of  an  electrode  or  change  of  its  diameter  (no  variation  round  the  axis); 

Tilt  or  transverse  shift  of  an  electrode,  or  of  one  section  relative  to  another  (one  cycle); 

Ellipticity  of  an  aperture  (two  cycles  round  the  axis). 

The  method  used  is  an  extension  of  the 
standard  method  of  finite-element  solution, 
modified  to  allow  for  the  cyclic  variation  of  the 
perturbation  potential  round  the  axis.  The 
potential  so  obtained  is  used  in  a  modified  form 
of  the  paraxial  ray  equation,  where  it  adds  a 
particular  integral  to  the  complementary 
function  which  describes  the  paraxial  trajectory 
in  the  absence  of  perturbation.  The  resulting 
perturbed  trajectory  is  then  displayed,  together 
w  ith  the  unperturbed  trajectory  for  comparison 
(Fig.  4).  The  effect  of  displacing  an  electrode 
in  one  defined  section  of  a  system  may  be 
carried  through  to  show  the  perturbation 
produced  in  later  sections,  if  required. 


Fig.  4  Effect  of  a  transverse  displacement 


7.  CONCLUSION 

The  program  CIELAS2  has  been  extensively  developed  in  co-operation  with  users  to  offer  a 
comprehensive  range  of  interactive  facilities  which  exploit  many  features  of  the  PC 
environment.  The  capabilities  of  the  program  for  accurate  cathode  modelling,  electron-optical 
calculations  and  perturbation  analysis  are  now  being  used  to  tackle  a  wide  range  of  design 
problems,  both  in  research  establishments  and  in  industry. 
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An  alternate  cathode  architecture 
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ABSTRACT:  Prototype  cathodes  have  been  developed  in  this  research 

project.  They  are  based  on  the  principles  responsible  for  thermionic 
emission  from  conventional  impregnated  dispenser  cathodes  (IDCs). 
However,  the  fabrication  sequence  has  been  altered  in  such  a  way  that 
the  optimal  emissive  centers,  determined  by  Mossbauer  analysis  of  the 
M-type  IDC,  are  established  and  maintained  by  the  activation  schedule. 
This  is  accomplished  by  employing  low  weight  loading  and  moderate 
decomposition  temperature  precursors.  Hence,  the  active  element, 

barium,  achieves  a  surface  site  group  configuration  at  much  lower 
temperatures  than  conventionally  produced  cathodes.  The  high  BET  area 
of  these  cathodes,  coupled  with  the  strongly  adsorbed  electropositive 
monolayer,  simulates  the  electronic  and  steric  properties  of  the  IDC, 
but  effects  comparable  thermionic  emission  at  lower  temperatures  because 
of  the  choice  of  a  thermochemistry  that  establishes  these  optimal 
emissive  centers  before  the  onset  the  onset  of  monolayer  evaporation. 


1 .  INTRODUCTION 

In  the  early  1960's,  Zalm  (1963)  modified  a  tungsten  dispenser  cathode, 
a  B-type,  with  a  surface  overcoat  of  select  5-d  transition  metals 
creating  the  M-type  dispenser  cathode.  This  device  produced  at  least 
three  times  higher  current  density  at  a  given  temperature  than  the  B- 
type.  The  reason  for  this  emission  enhancement  remained  unknown  until 
Green  (1981a)  postulated  a  theory  to  explain  this  phenomenon.  This 
report  presents  the  experimental  verification  of  Green's  hypothesis  and 
develops  a  more  complete  theory  of  thermionic  emission  from  dispenser 
cathodes.  The  results  of  this  study  prompted  further  investigations  to 
elucidate  the  impact  of  preparation  procedures  on  their  performance  as 
thermionic  emitters.  To  date,  there  has  been  no  systematic  study  of 
cathode  fabrication  techniques.  The  affects  of  preparation  variables 
have  been  systematically  studied  and  two  key  areas  were  targeted  for 
modification;  optimized  compounds  for  precursors  of  emission  sites,  and 
controlled  impregnation  procedures.  By  sequential  construction,  high 
surface  area  emitting  structures  have  been  produced  which  operate  at 
lower  temperatures  than  conventionally  manufactured  cathodes. 

2 .  EXPERIMENTAL 

Two  commercially  available  cathodes,  a  B-type  and  an  M-type,  were 
obtained  from  Spectra-Mat  and  impurity  doped  with  10  Mci  of  Co  57.  The 
rationale  for  this  procedure  was  that  the  deposition  of  the  Co  57  would 
be  analogous  to  the  transition  metal  over-coat  used  in  fabricating  the  M 
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cathode.  The  incorporation  of  this  Mossbauer  probe  would  then  yield 
valuable  information  on  the  geometric  structure  of  the  surface  site 
group  responsible  for  the  observed  difference  in  thermionic  emission 
between  a  B-type  and  M-type  dispenser  cathode.  These  data  were  recorded 
in  the  emission  mode  using  an  Austin  Science  Associates  Mossbauer 
Spectrcxneter ,  model  S-600,  against  a  single  line  stainless  steel 
absorber,  during  the  activation  and  operation  of  the  respective 
cathodes  in  a  vacuum  environment. 

Impregnant  thermochemistry  associated  with  the  Philips-Emet 
manufacturing  process  of  dispenser  cathodes  (Gupta  et  al  1977)  was 
analyzed  with  a  Perkin  Elmer  System  7/4  microprocessor  controlled 
differential  thermal  analyzer.  The  DTA  traces  revealed  an  unwieldy 
number  of  component  and  preparation  variables  that  could  not  be 
correlated  with  thermionic  emission,  but  were,  in  fact,  controlled  by 
subtle  changes  in  the  fabrication  sequence.  Thus,  a  modified  tungsten 
matrix  was  implemented  in  this  stage  of  the  research.  It  was  fabricated 
using  8-12  micron  tungsten  powder  mixed  with  an  equal  volume  of  ammonium 
metatungstate.  Following  ball  milling  for  1  hour,  it  was  calcined  at 
573K  until  the  cessation  of  ammonia  vapor.  The  dry  mixture  was  then 
isostatically  pressed  at  2.32  KPa  in  an  argon  atmosphere,  and  sintered 
at  2100K  for  1  hour.  Using  the  standard  BET  measurement  technique  of 
nitrogen  physisorption  at  liquid  nitrogen  temperature,  the  surface  area 
was  found  to  be  2.3  square  meters/gm;  the  pore  volume  was  .15  cc/gm. 
Three  discs,  each  approximately  .61  cm  in  diameter  and  1  cm  thick,  were 
cut  from  the  modified  tungsten  matrix.  The  first  was  impregnated  with 
barium  nitrate,  136gms/L;  the  second  disc  was  heated  to  600K  and  placed 
in  a  saturated  solution  of  titania,  lOOgms/L,  and  then  dried  at  400K  in 
a  60  cc/min  helium  flow  for  12  hours;  and  the  third  disc  was  immersed  in 
0.2  M  chloroiridic  acid  for  24  hours,  dried  at  400K  in  a  helium  ambient, 
and  then  wet  impregnated  with  barium  nitrate  at  600K.  DTA  traces  were 
recorded  during  each  sequence  of  preparation. 

Emission  studies  from  the  prototype  cathodes  based  on  the  Mossbauer 
results  were  conducted  inside  a  standard  four  inch  four-way  stainless 
steel  cross.  The  flanges  supported  the  mounted  cathode  assembly  with 
heater,  an  optical  viewing  port  for  pyrometry,  a  stainless  steel  anode, 
and  a  vac-ion  pump.  The  important  temperatures  for  activation  were 
ascertained  by  reference  to  the  DTA  traces.  Zero  field  emission  curves 
were  then  taken. 

3.  RESULTS  AND  DISCUSSION 

Following  standard  cathode  activation  and  operation  procedures,  the 
Mossbauer  isotopes  resolved  into  a  well  defined  Fe  2+  singlet  for  the  B- 
type  and  a  Fe  III  quadrupole  doublet  for  the  M-type.  Once  the  oxidation 
state  and  the  spin  nature  were  identified,  the  isomer  shift  and  the 
quadrupole  splitting  were  cross  referenced  against  existing  data  subject 
to  the  constraint  that  the  structure  must  belong  to  one  of  the  ten 
surface  molecule  or  symmetry  groups.  This  latter  condition  is  necessary 
to  insure  that  the  surface  monolayer  has  the  proper  dipole  polarity 
necessary  to  lower  the  thermionic  work  function.  The  results  showed 
that  the  B-cathode  source  was  characteristic  of  Co  57  in  pure  tungsten 
(Schiffer  et  al  1964),  while  the  M-cathode  source  coincided  with  Co  57 
at  the  B  atom  site  in  ABO.,  compounds  such  as  barium  titanate  (Bhide  et 
al  1965).  This  low-spin^state  transition  metal  ion  on  the  M-type 
cathode  surface  provides  an  experimental  verification  of  Green's  theory. 
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His  theory  divides  the  transition  metals  into  three  classes  which  are 
determined  by  d-orbital  population  and  vacant  metal  surface  orbitals. 
Class  I,  tungsten,  has  one  vacant  surface  d-orbital;  Class  II,  which 
included  Ir,  Os,  and  Re,  has  with  two  vacant  surface  orbitals;  and 
Class  III,  such  as  Pt,  has  no  vacant  surface  d-orbitals.  He  postulates 
that  the  Class  II  metals,  with  their  two  vacant  surface  d-orbitals,  can 
accept  the  sp£  electrons  of  the  surface  oxygen  not  involved  in  bonding 
to  Ba,  to  form  the  most  stable  configuration.  This  transfer  of  negative 
charge  elongates  the  surface  dipole  and  provides  increased  barium 
surface  coverage.  These  lower  the  thermionic  work  function  causing 
increased  emission  at  a  given  temperature.  The  Mossbauer  results  verify 
this  theory  if  the  empty  surface  d-orbitals  are  equated  with  low-spin 
state  configurations.  This  is  accomplished  by  crystal  field  theory. 
The  only  valid  interpretation  of  the  Mossbauer  experiments  is  the 
existence  of  a  surface  site  group  that  has  symmetry  which  removes  the 
degeneracy  of  the  transition  metal  d-orbitals  by  crystal  field 
splitting.  A  strong  crystal  field  will  energetically  favor  a  low-spin 
state  electron  configuration,  resulting  in  empty  d-orbitals  for  d-4,  d- 
5,  d-6,  and  d-7  metals.  From  group  theory,  this  is  exactly  the  case  at 
the  titanium  site  in  barium  titanate.  The  B-type  cathode,  composed  of 
pure  tungsten,  has  cubic  symmetry  which  results  in  a  high-spin 
configuration  consistent  with  the  Class  I  metals;  the  M-type  cathode, 
has  tetragonal  symmetry  (Green  et  al  1981b)  for  the  sigma  phase  W/Os  and 
W/Re  case,  and  orthorhomic  symmetry  for  W/Ir.  Assuming  that  the  Fe  ion 
represents  the  transition  metal  site  on  the  M-cathode,  these  symmetries 
remove  the  degeneracy  of  the  d-orbitals,  creating  the  low-spin 
configurations  of  Class  II  metals;  and  Class  III  metals  such  as 
platinum,  even  in  the  strong  field  case,  must  spin  pair  the  d-orbitals 
to  accomodate  all  the  electrons.  Thus  the  M-cathode  surface,  composed 
of  Class  II  metals,  can  offer  empty  d-orbitals  for  oxygen  ligand 
stabilization  of  the  barium  monolayer  because  of  the  formation  of  a 
surface  site  group  modeled  by  the  barium  titanates.  This  translates  to 
increased  barium  coverage  on  the  M-cathode  and  hence  increased 
thermionic  emission. 

Whereas  this  proposal  satisfactorily  accounts  for  the  performance  of  the 
M-type  IDC,  it  does  not  address  the  problems  encountered  in  cathode 
processing  and  production.  The  M-type  cathode  still  suffers  from  poor 
reproducibility  and  barium  evaporation  from  the  cathode  surface  during 
operation.  The  former  was  well  documented  by  the  DTA  data  obtained  from 
the  analysis  of  the  Philips-Emet  procedure  of  the  impregnant  synthesis. 
These  suggest  incomplete  dehydrations  and  carbonate  calcinations,  both 
CO„  and  H-0  readsorptions,  polymorphic  transitions,  and  incomplete  and 
unknown  chemical  reactions.  In  addition,  the  DTA  component  traces 
showed  activation  temperatures  above  1500K,  which  indicates  that  the 
optimal  emissive  site  could  be  destroyed  because  of  surface  sintering, 
reconstruction,  and  creation  of  bulk  oxides  and  aluminates,  all 
contributing  to  barium  evaporation. 

It  is  interesting  to  note  and  significant  to  point  out  that  barium 
titanate  is  also  the  prototype  structure  for  strong  metal-metal  bond 
complexes  (Tauster  et  al  1978).  These  comprise  a  large  number  of 
transition  metal  compounds  in  which  direct  chemical  bonding,  involving 
d-electrons  and  d-orbitals,  takes  place  between  neighboring  metal  atoms 
and  cations.  This  structure  appears  well  suited  for  thermionic 
emission.  The  strong  metal-metal  bond  would  be  between  barium  and  a 
transition  metal,  stabilized  both  electronically  and  structurally  by  the 
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oxygen  ligands  so  Chat  Che  barium  would  not  evaporate,  and  therefore 
would  not  need  to  be  dispensed.  The  structure  of  a  binary  oxide 

supported  on  a  refractory  surface  of  high  BET  area,  which  itself 
contains  a  strongly  adsorbed  oxide  layer  is  proposed  as  the  alternate 
cathode  architecture.  Thus  prototype  cathodes  were  constructed  based  on 
the  assumption  that  the  hexagonal  barium  titanate  structure  was  the 
optimal  thermionic  cathode,  and  that  this  preferred  structure  could  be 
fabricated  at  the  very  beginning  of  life. 

Each  of  the  three  prototype  cathodes  exhibited  decomposition  and 
activation  at  less  than  875K,  and  the  latter  two  had  strong  exothermic 
reactions  at  900K  indicating  possible  formation  of  a  strong  surface 
metal -metal  bond.  The  zero  field  emission  from  them  is  presented  in 
Figure  1. 


(I/I)  X  1 0' 2  DEGREES  KELVIN 

Figure  1 

Zero  Field  Omission  Data 


SUMMARY 

Mossbauer  Emission  Spectroscopy  was  used  to  probe  both  B-type  and  M-type 
cathode  surfaces.  Results  indicated  that  enhanced  thermionic  emission 
was  concomitant  with  the  presence  of  a  low-spin  state  transition  metal 
ion.  This  low-spin  Mossbauer  probe  identified  a  surface  molecular 
configuration  optimal  for  thermionic  emission,  hexagonal  barium 
titanate.  This  structure  also  exhibits  strong  metal-metal  surface  bonds. 
Three  cathodes  prototypical  of  the  strong  metal -metal  interaction  were 
fabricated.  Zero  field  emission  from  these  data  were  in  excellent 
agreement  with  the  Richardson  equation,  and  two  of  them  exhibited 
emission  densities  comparable  to  state-of-the-art  cathodes,  but  a  much 
lower  temperatures . 
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Comparison  of  vacuum  and  semiconductor  field  effect  transistor 
performance  limits 


Lester  F.  Eastman 
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ABSTRACT:  The  electron  transport,  space  charge  effects,  impedance  levels, 
power  levels,  and  frequency  limits  of  very  small  vacuum  and  semicon¬ 
ductor  field  effect  transistors  are  compared.  Parasitic  capacitive  elements  are 
included.  Limiting  ballistic  electron  velocity,  voltage  and  current  are 
presented,  along  with  device  estimated  equivalent  circuit  elements,  current- 
gain  and  power  gain  cutoff  frequencies,  with  size  scaling.  High  frequency 
microwave  performance  of  these  microstructures  allow  efficient  operation 
in  the  millimeter  wave  range  for  both,  with  considerably  higher  voltage  and 
power  for  the  vacuum  microelectronic  devices.  The  need  for  high  current 
density  in  proportion  to  frequency,  but  with  low  resistance,  is  also 
presented. 

There  are  several  key  differences  between  vacuum  and  solid  state 
microelectronic  amplifying  devices.  One  such  difference  is  the  relative 
dielectric  constant  of  the  medium  in  which  the  electrical  charge  carriers  are 
transported.  Another  is  the  effective  mass  of  the  charge  carriers.  Another  is 
the  limit  of  distance  over  which  charge  carriers  are  ballistic,  to  allow  high 
carrier  velocity.  Still  another  is  the  degree  of  neutralization  of  charge  carriers 
in  the  charge  transport  medium.  The  final,  largest,  difference  is  that  of  the 
limits  of  uniform  current  density  at  the  negative  electrode. 

Usually  a  control  electrode  is  used  to  control  the  amount  of  electron  current 
flow  between  the  cathode  and  the  anode.  There  is  a  capacitance  between  this 
electrode  and  the  cathode  and  between  this  electrode  and  the  anode.  With  a 
grounded  cathode,  the  s  .  a  of  these  is  the  amplifier  input  capacitance,  while 
the  latter  is  the  (negative;  >  back  capacitance.  For  high  voltage  gain,  the 
sum  must  be  much  greater  titan  the  latter. 

In  order  to  have  matched  input  impedance,  the  input  capacitance  can  be 
resonated  with  an  inductance  for  some  specific  high  frequency  performance. 
In  order  to  have  good  performance  at  such  a  high  frequency,  a  high 
conductive  current  density  must  be  achieved  from  the  charge  carriers.  Thus 
as  one  raises  the  operating  frequency,  raising  the  capacitive  susceptance 
current,  the  carrier  conductance  current  is  raised  to  match  this  rise.  This 

conductive  current  density  is  near  1  x  10^  A/cm^  in  GaAs  transistor  channels 
for  100  GHz  operation,  and  values  as  high  as  5  x  10^  A/cm^  have  been 
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achieved  in  a  few  laboratories.  Because  of  the  13:1  lower  dielectric  constant, 
this  value  can  be  that  much  lower  in  a  vacuum  triode  than  in  a  GaAs 
transistor.  Good  operation  at  100  GHz  would  then  require  only  several 

thousand  A/cm^  in  such  a  vacuum  device. 

The  velocity  that  electrons  have  for  a  given  kinetic  energy  depends  on  the 
reciprocal  of  the  square  root  of  the  mass  of  the  electron.  In  GaAs,  this 
effective  mass  of  electron  is  -  16:1  lower  than  that  of  free  space  electron.  Thus 
ballistic  electrons  travel  4  times  faster  in  short  GaAs  samples  than  they  would 
in  a  vacuum,  for  the  same  kinetic  energy.  The  effective  mass  is  low  for 
electrons  in  GaAs  only  over  a  limited  range  of  kinetic  energy;  up  to  .25V,  so 
this  is  a  severe  limitation  on  operating  voltage. 

The  current  density  that  ballistic  electrons  yield  in  GaAs  short  devices, 
compared  with  vacuum  devices,  is  over  50  times  higher  for  the  same  bias 
voltage  and  geometry.  This  is  due  to  the  fact  that  this  current  density  depends 
directly  on  the  relative  dielectric  constant  and  reciprocally  on  the  square  root 
of  the  effective  mass  of  the  carriers.  As  mentioned  earlier,  the  required 
current  density  is  13:1  lower  in  vacuum,  due  to  reduced  dielectric  constant. 
By  raising  the  bias  voltage,  the  current  can  be  raised  to  this  level,  since 
electrons  are  ballistic  to  a  much  higher  value  of  kinetic  energy  in  vacuum. 

In  GaAs  and  related  compounds,  the  electrons  have  ~  .2  pm  mean  free  path, 
and  hold  some  of  their  forward  momentum  even  after  collisions  with  the 
crystal  lattice.  Such  collisions  with  the  crystal  lattice  are  reduced  at  low 
temperatures.  Thus  if  electrons  approach  ballistic  motion,  their  transport 


Figure  1(a)  Electron  current  density 
vs  voltage  for  1.1pm  long  GaAs, 

with  2x10^6/ cir\3  donors  at  300K 
and  77K. 


1(b)  Electron  current  density 
vs  voltage  for  .24  pm  long 

with  2xl0^/cm%  donors,  at 
330K,  77K  and  8K. 
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parameters  become  more  independent  of  temperature.  Figure  la  and  lb  show 
current-voltage  curves  for  1.1  pm  and  .24  pm  electrode  separation  parallel 
plate  GaAs  diodes.  In  the  latter  case  the  electrons  have  little  change  in 

properties  with  temperature  and  reach  a  velocity  near  1  x  10®  cm/s  at  the 

anode.  1  x  107  cm/s  is  the  maximum  velocity  reached  in  GaAs  long  samples, 
due  to  collisions  with  the  crystal  lattice. 

One  strong  benefit  of  semiconductor  material  is  that  positive  ions  can  be 
placed  in  the  material  to  neutralize  the  electron  charge.  Thus  simple  space- 
charge-limited  current  can  be  surpassed  by  orders  of  magnitude.  For  example, 

for  .25  pm  electrodes  separation,  only  2  x  10^/cm®  electrons  will  be  present, 
for  ,20V  bias,  on  the  average,  in  undoped  material.  In  contrast,  2  x  10^7/cm® 
and  even  2  x  10^®/cm®  electrons  can  be  present  in  this  material  when  their 
space  charge  is  neutralized  by  positive  doping  ions.  Even  at  1  x  107  cm/s 
electron  velocity,  the  2  x  10^7/cm®  doping,  typical  of  GaAs  MESFET  devices, 

yields  3.2  x  10®  A/cm2  current  density  in  the  conduction  region.  In  undoped 
quantum  wells  of  GaAs,  with  charge-neutralization  ions  nearby,  electrons  can 

travel  at  2  x  107  cm/s  with  up  to  1  x  10^®/cm®  density,  yielding  3.2  x  10^ 
A /cm2  conduction  current  along  this  quantum  well. 

Another  strong  benefit  of  semiconductor  structures  is  the  capability  of 
supplying  high  current  density  values  from  heavily  doped  negative 

electrodes.  Normally  this  current  density  is  kept  below  5  x  10®  A/cm2.  In 
order  to  get  a  high  current  density,  the  current  in  a  thin  channel  is  fet  into 
that  channel  over  a  distance  much  (>  10:1)  longer  than  the  thickness  of  the 
channel.  This  "distance-source"  allows  lower  values  of  source  resistance, 
reducing  the  negative  feedback  term  equal  to  the  product  of  this  source 
resistance  times  the  mutual  transconductance  of  the  device. 

Figure  2  shows  the  cross  section  of  a  "planar"  heterojunction  field  effect 
transistor.  The  electrons  travel  horizontally  from  source  to  drain,  along  a 
quantum  well,  and  their  conductance  current  is  modulated  by  the  gate.  Up  to 
~  600  ma/mm  current  can  flow,  with  gm  =  600  mS/mm,  both  normalized  to 

the  dimension  perpendicular  to  the  plane  of  the  figure.  The  state  of  the  art 
unity  current  gain  frequency  limit  is  150  GHz,  and  the  unity  power  gain 

frequency  limit  is  250  GHz  [1].  There  are  a  maximum  of  ~  2  x  10^2/cm2 

electrons  in  the  -  100  A  thick  quantum  well,  yielding  ~  2  x  10^®/cm®  average 
electron  density.  The  electrons  in  this  structure  are  not  ballistic  because  the 
electric  field,  causing  transport  from  source  to  drain,  extends  over  a  distance 
longer  than  .2  pm,  even  though  the  gate  contacts  the  semiconductor  for  only 
.15  pm  length  of  the  electron  path. 

A  GaAs  device  with  only  .13  pm  distance  between  the  electron  source  and 
drain  has  been  constructed.  The  electrons  flow  in  a  vertical  direction,  in  the 
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Figure  2.  Cross  section 
of  a  modulation-doped 
Al,GaAs/GaAs  field 
effect  transistor.  The 
electron  flow  in  a 
potential  well  just 
below  the  space 
layer. 


undoped  LEC  SI  GaAs  substrate 

narrow  ridges,  and  the  metal  gates  are  on  the  sides.  This  device  had  electron 
average  transit  velocity  of  ~  4  x  107  cm/s.  If  the  electrons  had  been  ballistic, 
accelerating  from  0  to  1  x  10®  cm/s,  one  would  expect  ~5  x  107  cm/s.  Here, 
they  were  injected  with  more  than  5  x  107  cm/s,  but  lost  some  of  their  average 
velocity  by  collisions. 

In  comparing  vacuum  devices  with  these  solid  state  devices,  both 
configurations  (planar /horizontal  motion,  and  multi-channel /vertical 
motion)  can  be  envisioned.  The  electrons  in  vacuum  remain  ballistic, 
following  the  Child-Langmuir  law  for  conduction  current  versus  voltage. 
Because  there  is  no  space  charge  neutralization  from  ions,  close  spacing 
and/or  high  bias  voltage  are  required  to  obtain  high  enough  conduction 
current  for  high  frequency  operation.  With  only  3  electrodes,  the  triode-like 
I(V)  characteristics  have  high  output  conductance,  although  this  can  be 
substantially  alleviated  using  the  beam-tetrode  configuration. 

Figure  3  shows  the  planar /horizontal  motion  structure  that  would  be  useful. 
The  "distributed-source"  would  allow  low  source/cathode  resistance.  The 
dimensions  shown  could  be  realized  using  modern  submicron  fabrication 
techniques.  Except  for  extra  space-charge  injected  current,  away  from  the  gate, 
this  structure  could  be  modeled  using  triode  theory  applied  to  half  of  a  period 
of  a  multi-gate  vacuum  structure. 

Figure  4  shows  the  multi-channel  vertical  vacuum  structure.  Its  performance 
follows  the  Child-Langmuir  law  [2].  For  diodes  with  electrode  separation  s,  in 

cm,  the  current  density  (in  A /cm7)  is: 
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1_  2.336xl0~2  aa 

s2  (1) 

For  the  particular  geometry  shown,  the  amplification  factor  p  is  23.  For  50 
channels  each  50  microns  wide,  this  yields  a  mutual  transconductance  of: 


Figure  3.  Submicrometer-gate  vacuum  triode  in  planar  geometry  cross 
section  showing  source,  gate  and  drain  electrodes  supported  by  AIN 
dielectric 


Figure  4.  Submicrometer-gate  vacuum  triode  cross  section  showing  source, 
gate,  and  drain  electrodes  for  multi-channel  device. 
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gm=4.14(Va  +  ^Vg)l/2mS  (2) 

It  also  yields  a  shunt  resistance  at  the  anode  of 

ra  =  5,500  (Va  +  liVg)-1/2  (3) 

For  this  triode,  the  average  current  density  is: 

I  =  .12(Va  +  nVg)3/2mA  (4) 

The  average  transit  time  is: 

x  =  3S/ua  (5) 

where  S  is  the  separation  of  anode  and  cathode,  and  ua  is  the  electron  velocity 
at  the  anode: 


where  Va  is  the  anode-cathode  potential  difference,  m  is  the  electron  mass 
and  e  its  charge. 

In  order  to  yield  a  velocity  of  1  x  10®  cm/ s  for  ballistic  electrons  in  GaAs,  a 
voltage  drop  of  ~.25V  is  required,  while  it  would  be  ~  4V  in  vacuum,  due  to 
the  higher  electron  mass.  For  a  1  pm  separation  of  anode  and  cathode,  a 

transit  time  of  3  picoseconds  would  occur  for  1  x  10®  cm/s  in  space-charge 
limited  flow  of  ballistic  electrons. 

With  this  structure,  the  input  capacitance  at  the  gate  would  be  about  .057  pF. 
With  (Va  +  pVg)  =  4V  the  gm  would  be  8.28  mS,  the  Va  would  be  2,750  Q,  and 

the  Cuivont  would  be  .96  ma  (64  A/cm2).  This  in  turn  yields  a  unity-current- 
gain  frequency  of  11.5  GHz,  which  would  scale  up  in  frequency  in  proportion 
to  (Va  +  pVg)l/2. 

Conclusions 


Comparisons  between  solid  state  and  vacuum  triode  devices  show  that  high 
current,  low  voltage  and  high  frequency  response  are  possible  in  the  former, 
while  low  current,  high  voltage  and  high  frequency  response  are  possible  in 

the  latter.  Obtaining  current  density  values  of  100’s  -1000's  A/cm2  over 
useful  areas  will  be  necessary  in  order  to  obtain  high  frequency  response  in 
the  vacuum  triodes. 

This  work  is  supported  in  part  by  ARO,  ONR,  RADC,  G.E.,  Hughes,  Boeing, 
and  Martin  Marietta. 
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ABSTRACT:  Geometry  optimization  is  required  for  the  fabrication  of  a  successful  family 
of  lateral  vacuum  microelectronic  active  devices.  Lateral  triodes  with  deflector  electrodes 
are  modeled  by  tracing  electron  trajectories  from  cathode  to  anode.  The  Held  emission 
cathode  wedge  surface  is  spaced  0.9  to  1.1/tm  from  the  grid  field  plate.  Grid  control 
voltages  range  from  a  few  volts  to  1 00  volts.  Anode  potentials  range  30  to  loo  volts. 
Cathode  to  anode  average  transit  times  for  devices  with  maximum  lateral  trajectory  lengths 
of  approx.  10  // m  are  3  to  4  x  Id"13  sec.  A  transconductance  of  I  /( S  per  (00  /tm 
cathode  length  at  80  3'  is  calculated  for  triodes  optimized  with  physical  design  constraints 
of  0.9  micron. 


INTRODUCTION:  Thi'  paper  presents  simulation  ot  static  characteristics  for  two  lateral  triode 

active  devices  based  on  a  wedge-shaped  field  emission  cathode  Deflecting  electrodes  are  positioned 
near  both  the  cathode  and  anode  to  eliminate  space  charge  build  up  and  to  shorten  the  electron 
trajectory  path.  The  lateral  device  geometries  are  of  special  interest  since  the  potential  exists  (or 
processing  using  technology  compatible  with  VLSI  production.  Many  device  structures  have  been 
studied.  The  two  structures  described  here  are  selected  for  simplicity  of  design  and  potential  compati¬ 
bility  with  existing  wafer  processing  capability.  A  specific  technology  for  the  critical  cathode  structure 
is  not  assumed  in  this  work.  Cathode  efficiency  and  a  general  discussion  of  applicability  of  different 
emitter  tip  technologies  is  the  subject  of  a  companion  paper  [Marcus  el.  al.  1989],  In  the  present 
paper  we  attempt  to  provide  generic  guide  lines  for  fabrication  of  lateral  triode  devices  with  field 
emitter  cathodes. 


DEVICE  MODEL:  The  device  simulation  is  based  on  electron  trajectory  tracing  within  a  calculated 
electric  field  region.  The  Laplace  equation  is  solved  in  two  dimensions  for  the  potential  field  V, 


X2V[r)  =  0 


The  resulting  electric  field  E  together  with  the  magnetic  field  B  from  nearby  electron  paths  determines 
the  trajectory  of  interest, 


£(r)  +  —  x  B(r) 
it  ( 


) 
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The  Biot-Savart  relationship  is  used  to  calculate  local  magnetic  field  effects 


Sw"£l'v> 


These  relationships  are  solved  in  a  two  dimensional  matrix  with  cylindrical  symmetry  using  a  modified 
form  of  SIMION  (SIMION  1987).  The  present  simulator  program  is  limited  to  16000  grid  points  and 
does  not  permit  the  detail  cathode  geometric  dimensioning  that  we  would  prefer. 

The  electric  field  at  the  cathode  surface  determines  the  election  flux  tunneling  into  the  vacuum. 
The  cathode  efficiency  is  described  by  the  F-N  relationship  [Fowler-Nordheim  1 928 ) . 


./  =  6.2  x  I 


o-4- --fr  -V expf-*-* 

\(fV  +  £FlvVVJ  \  £  J 


TRIODE  STRUCTURE:  The  basic  triode  device  shown  in  cross-section  in  Fig.  1  has  electron  trajec¬ 
tories  originating  at  the  grounded  cathode.  The  grid  and  anode  are  both  maintained  at  +100  V 
potential  in  this  example.  In  the  upper  location  of  Fig  1  the  electrons  are  not  collected  by  the  anode 
and  contribute  to  an  undesirable  space-charge  build  up  in  the  vicinity  of  the  active  device  electrodes. 
Deflection  electrodes  biased  at  0  and  -100  V  have  been  added  to  the  lower  location  of  Fig.  I  The 
importance  of  the  deflecting  electrodes  is  clearly  shown  as  they  cause  all  cathode  electrons  to  be 
collected  as  they  ballistically  move  to  the  anode  electrode. 


LATERAL  ELECTRON  INJECTOR:  The  basic  triode  structure  uses  the  potential  between  the 
control  grid  and  cathode  to  create  the  very  high  electric  field  required  to  launch  electrons  from  the 
cathode  surface.  This  cathode-grid  structure  functions  as  a  specialized  diode  structure  where  elec¬ 
trons  tunnel  through  the  cathode  surface  into  the  vacuum  and  move  toward  the  grid.  In  the  structure 
cross-section  of  Fig.  2(a)  a  diode  structure  illustrates  the  electron  extraction  process.  The  position  of 
the  grid  (collecting  all  of  the  electrons  in  this  case)  with  respect  to  the  cathode  is  specified  by  the 
parameter  r0  ■  The  grid  of  Fig.  1(a)  extends  a  sufficient  distance  to  the  right  to  collect  all  electrons 
from  the  cathode.  A  large  negative  value  for  r0  corresponds  to  a  ■  ertical  diode  totally  covered  by  the 
collecting  grid.  The  small  positive  values  of  r0  correspond  to  grid  placement  in  a  lateral  triode  struc¬ 
ture.  Figure  2(b)  illustrates  the  dependence  of  cathode  current  in  he  Fig.  2(a)  structure  with  +100  V 
potential  on  the  grid  electrode.  £  The  very  strong  dependence  <f  cathode  current  on  relative  grid 
location  emphasizes  the  importance  of  minimizing  the  cathode-gr  d  separation  to  obtain  higher  oper¬ 
ating  current  levels.]  Based  on  a  cathode-grid  separation  of  t0  =  0.9/<m.  the  cathode  current  is  re¬ 
duced  by  100  x  compared  to  a  device  with  a  "vertical"  trajector;  (x0  =  -  3  )■ 


TYPE  1  LATERAL  TRIODE:  A  triode  structure  with  the  def  eclor  electrode  1  spaced  to  within 
lt<m  (.r-dimension)  of  the  cathode  tip  is  defined  as  "Type  1"  in  the  Fig.  3  (a)  device  cross-section. 
The  close  proximity  of  deflector  I  to  the  cathode  results  in  a  stronger  f— field  focusing  the  electron 
beam  onto  the  anode.  The  cathode  tip  is  located  O  Sfirn  above  the  conducting  substrate — all  main¬ 
tained  at  0  V  potential.  The  anode  extends  over  an  area  which  will  collect  all  deflected  electrons 
within  the  selected  range  of  grid  and  anode  voltages.  The  anode  extends  6ftm  toward  the  deflector  2 
electrode  and  the  grid  spans  2fim  as  shown  in  Fig.  J.  The  dielectric  thickness  under  the  deflectors 
and  grid-anode  electrodes  is  0.2  and  0.9/tm,  respectively.  In  Fig.  3  (b),  (c).  Id)  and  (e)  the  selected 
electron  trajectories,  equal  current  tubes,  equipotentials,  and  E-field  contours  are  shown  for  the  Type 
I  device.  In  Fig.  4,  3-terminal  characteristic  curves  for  the  Type  I  geometry  indicate  anode  currents 
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in  the  nanoamp  range  for  electrode  voltages  over  50  volts. 


TYPE  2  LATERAL  TRIODE:  For  higher  current  operation  an  improved  ohmic  contact  to  the 
cathode  is  shown  in  the  Type  2  geometry  of  Fig.  5  (a)-(e).  In  Fig.  h  there  is  a  reduced  current 
density  due  to  the  increased  deflector  1-cathode  spacing  compared  with  the  Tvpe  I  device  of  Fig.  4 


CONCLUSION:  The  lateral  triode  provides  transconductance  over  a  Hide  voltage  range.  The  rela¬ 
tive  difficulty  in  obtaining  sufficiently  large  E-fields  at  the  cathode  surface  will  probably  continue  to  be 
a  major  factor  limiting  the  power  levels  of  lateral  devices  to  the  picowatt  to  microwatt  level.  The 
device  appears  best  suited  for  micropower  applications  This  device  has  the  potential  of  production 
compatibility  with  LSI  integrated  circuits  equipment. 


Fig  1  Electron  trajectories  for  a  diode  (produced  by  connecting  the  grid  and 
cathode  of  the  triode  in  Fig  3(a)),  with  and  without  deflector  electrodes. 


(b)  IV  characteristic  curve 


Fig.  2  Lateral  diode  with  wedge  cathode 
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Oeflector  1 


Deflector  2 


2-5  Grid 

Cot  bode/  i  — 


Anode  ~ 


To.9 


15  |1.0|10|  2.0  |  20  | 

50  j  2.0  |  1.5  1 

Substrate 

Dimension  units:  pm  ] 
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0  V  _ 
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20%  current  tubes 


Fig  3  Type  1  lateral  triode  device,  (a)  cross-section,  (b)  electron 
trajectories,  (cl  equicurrent  tubes,  (d)  equipotential  contours,  (e) 
electric  field  contours  (lO^V/cal. 
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Pig  5  Type  2  lateral  triode  device,  (a)  cross-section,  (b)  electron 
trajectories,  (c)  equicurrent  tubes,  (d)  equipotential  contours,  (e) 
electric  field  contours  (10^V/cm). 


Anode  current  (A/  ■ 
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Anode  voltage  (volts) 


Anode  voltage  (volts) 


fig  4  Type  1  lateral  triode  device  Pig  6  Type  2  lateral  triode  device 
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Miniaturization  of  electrovacuum  microwave  and  radiofrequency  low- 
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ABSTRACT:  Results  of  investigation  in  the  field  of  creati¬ 
on  of  miniaturized  microwave  reflex  klystrons,  low  volta¬ 
ge  resonance  devices  with  a  high  electronic  efficiency, 
BWOs  with  magnetic  and  electrostatic  focusing  and  radio¬ 
frequency  vacuum  integral  circuits  are  shown. 

1 .  INTRODUCTION 

Miniaturized  electrovacuum  microwave  and  radio frequency  devi¬ 
ces  coming  near  to  semiconductor  ones  in  a  mass,  dimensions 
and  electrioal  characteristics  maintain  their  obvious  advan¬ 
tages  opening  new  possibilities  of  their  application  inclu¬ 
ding  apparatus  used  in  extreme  conditions. Physical  and  chemi¬ 
cal  material  properties  and  technological  techniques  used  in 
fabrication  of  miorovacuum  devices  allow  to  provide  an  unusu¬ 
ally  high  parameters  reproducibility  and  their  stability. 

In  this  paper  the  results  of  the  investigations  carried  out 
in  the  Soviet  Union  in  the  field  of  miniaturized  narrow -band 
reflex  klystrons  (minitrons),  low  voltage  resonance  devices 
with  the  high  electronic  efficiency  (multigap  monotrons) , wide¬ 
band  BWOs  with  the  magnetic  and  electrostatic  focusing  and  ra- 
dlofrequency  vacuum  Integral  circuits  are  shown. 

2.  MINITRONS 

In  Pig. 1  the  view  of  two  minitron  types  is  demonstrated. There 
is  shown  (Golant  et  al  1983,  Gulyaev  et  al  1988) that  the  main 
difference  of  the  minitrons  from  the  traditional  reflex  klys¬ 
trons  oonsists  in  using  high  perveanced  electron  beams  (from 
100  mkA/V  3/2  and.  higher).  This  quantitative,  on  the  face  of 
it,  phenomenon  leads  to  qualitative  changes  in  device  charac¬ 
teristics.  Really: 

1)  a  high  electron  beam  conductivity  is  provided.  This  allows 
to  extend  considerably  an  electron  tuning  range  in  some  cases 
up  to  5  %  and  to  inorease  the  electronic  efficiency  by  2  or  3 
compared  with  the  common  reflex  klystrons; 

2)  using  of  the  multiray  eleotron  beams  with  a  small  length 
provides  a  low  probability  of  residual  gas  atoms  ionization  by 
electrons,  promotes  the  higher  durability  and  eliminates  the 
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causes  of  relaxation  processes 
appearing  in  an  interaction  space; 

3 )  the  device  mass  is  brought  to 
the  fractions  of  a  gramm  and  heat 
removal  paths  from  an  active  de¬ 
vice  zone  are  minimized  thereby 
sharply  improving  its  parameters 
thermal  stability; 

4)  work  inputs  for  the  minitrons 
fabrication  are  also  lowered  at  a 
high  precision,  parameters  repro¬ 
ducibility  from  one  copy  to  ano¬ 
ther  and  possibility  of  the  group 
technology  using. 


The  minitron  operates  in  the  fre¬ 
quency  range  from  1.5  to  30  GHz. 
The  actuation  time  is  not  more 
than  Is.  The  minitron  oscillation 


Cathode 

| Anode  y  y 


Permanent  Slow-wave  Output  Contrary 
magnet  structure  coax  plates 


Fig. 2.  Schematic  diagram  of 
the  multigap  monotron 


Fig. 1 .  Two  3  cm  band 
minitron  types 


Fig. 3.  3  cm  band  BWO 
with  PEF 


Fig. 4.  3  om  band  BWO  with 
magnetio  focusing 


Fig. 5.  Mm  band  BWO 
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frequency  is  easy  submitted  to  the  pulling  by  the  resonator 
with  a  high  Q-faotor  due  to  the  low  loaded  Q.  This  allows  to 
low  its  frequency  noise  level  considerably. Minitron  durabili¬ 
ty  is  usually  10  000  hours.  The  parameters  of  the  typical  3 
centimeter  band  rainitron  are  shown  in  the  table  1. 


Table  1  PARAMETERS  OF  THE  MINITRON  WITH  X  =3  CM 


Output 

power 

Electron 

tuning 

Resonator 

voltage 

Resonator 

current 

Noise  level  at  tuning 
away  from  carrier  by 
5  kHz 

mW 

% 

V 

mA 

dB/Hz 

50-80 

1-5 

25-85 

40-90 

-l60(Ampl.)  -85 (PM) 

3.  MULTIGAP  M0N0TR0N 

The  electronic  efficiency  of  the  discussed  minitrons  does  not 
exceed  severed  percent.  The  possibility  of  the  electronic  ef¬ 
ficiency  increasing  by  more  than  one  order  for  the  miniaturi¬ 
zed  low  voltage  vacuum  microwave  devices  is  shown  during  the 
creation  of  the  0-type  resonance  device  in  which  the  electron 
beam  interacts  with  a  field  of  die  single  cavity  resonator  ha¬ 
ving  a  concentrated  capacity  in  a  form  of  a  slow-wave  structu¬ 
re  section  of  the  type  "oontrary  plates'1.  This  device  was  na¬ 
med  "multigap  monotron"  .Its  schematic  diagram  is  shown  in  Pig. 
2.  The  multiray  tape  electron  beam  formed  by  an  electron  gun 
with  a  plane  optics  penetrates  the  cavity  resonator  through 
channels  in  the  plates  of  the  oapacitive  gap.  The  beam  focu- 
sing  is  realized  by  das  longitudinal  magnetio  field  enduced  by 
a  permanent  magnet.  The  mass  of  Sa-Co  magnet  at  the  magnetio 
field  strength  of  5000-7000  Oe  does  not  exceed  100  gr.  A  cha¬ 
racteristic  feature  of  the  multigap  monotron  mechanism  is  its 
highest  efficiency  of  several  tens  of  volts  at  accelerating 
voltages.  The  centimeter  band  multigap  monotrons  provide  the 
electron  tuning  in  the  frequency  range  of  50-150  MHz  with  the 
output  power  from  ~100  mW  to  units  of  watts  at  the  accelera¬ 
tion  voltage  of  40-80  V  and  electron  efficiency  up  to  35-40  & 
A  theoretical  analysis  gives  evidence  concerning  the  possibi¬ 
lity  of  the  multigap  monotron1 s  electronic  efficiency  increa¬ 
sing  up  to  70-80  %, 

4.  BACKWARD  0-TYPE  OSCILLATORS 

A  serious  obstacle  on  the  way  of  the  miniaturization  and  BWOs 
supply  voltage  lowering  is  a  space  charge  growth  and  a  veloci¬ 
ty  electron  spread  connected  with  it.  However,  there  was 
shown  by  Shevohik  et  al  (1975)  and  Sinitsyn  et  al  (1976)  that 
these  factors  are  not  a  principal  restriction.  This  statement 
was  assumed  as  a  basis  of  the  work  on  0-type  BWT  miniaturiza¬ 
tion. 

The  mechanism  of  electron  interaction  with  the  microwave 
field  of  the  backward  electromagnetic  wave  promotes  the  suc¬ 
cessful  BWO  miniaturization  both  in  the  deoimeter  band  and  at 
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the  extremely  high  frequencies  of  the  submillimeter  band  (up 
to  X~0.1  mm'.  The  choosen  operating  frequency  defines  the 
specific  character  of  structured-technological  device  soluti¬ 
ons  and,  as  a  consequence,  Its  parameters  complex. 

5.  BWO  WITH  ELECTROSTATIC  POC USING 

The  first  in  the  USSR  miniaturized  BWO  with  Hb  periodic  elec¬ 
trostatic  focusing  (PEP)  operating  in  the  3  cm  band  was  deve¬ 
loped  in  the  late  fifties  on  the  base  of  a  multichannel  slow- 
wave  structure  of  the  type  "contrary  plates"  (Alexeenko  1968 
a,b).In  sixties  a  series  of  heterodyne  BWOs  with  PEP  was  cre¬ 
ated  covering  the  frequency  range  from  1  to  40  GHz  with  elec¬ 
tric  timing  from  40  %  in  the  short  wave  part  of  this  range  to 
an  octave  in  its  long  wave  part, 3  cm  band  BWOs  with  the  elec¬ 
trical  tuning  of  the  order  of  5  %,  the  output  power  up  to 
1-1.5  W  and  the  electronic  efficiency  of  4-5  %•  The  mass  of 
the  most  developed  BWOs  was, as  a  rule,  200-300  gr  and  the  ma¬ 
ximum  voltage  did  not  exceed  1000-1500  V  depending  on  the  fre¬ 
quency  range. 

On  the  base  of  these  results  the  accelerating  voltages  were 
lowered  by  one  order  (up  to  150  V  and  lower)  at  the  maintai¬ 
ning  of  the  operating  currents  and  thus  the  slow-wave  structu¬ 
re  length  was  sharply  reduced  thereby  decreasing  the  mews  (to 
the  tens  of  gramm)  and  overall  dimensions  of  devices.  The 
view  of  3  cm  band  BWO  is  shown  in  Pig. 3. 

6.  BWO  WITH  MAGNETIC  FOCUSING  POR  CM  AND  DM  BANDS 

The  works  on  BWO  miniaturization  with  the  magnetic  focusing 
operating  in  om  and  dm  band  and  covering  frequency  range 
which  substantially  exceeds  the  octave  have  a  principal  cha¬ 
racter.  During  these  works  it  was  shown  that  the  electron  be¬ 
ams  with  the  raicroperveance  achieving  two  or  three  thousands 
onto  1  cm2  and.  with  the  small  electron  velocity  spread  can  be 
formed  on  the  base  of  the  multiray  slow-wave  structure  and 
high  enough  power  level  can  be  maintained  at  the  lowed  acce¬ 
lerating  voltage. 

The  set  of  BWOs  with  the  magnetic  focusing  having  the  elect¬ 
rical  tuning  from  the  octave  to  1.5-2  octaves  which  cover  the 
frequency  range  from  1  to  18  GHz  at  the  output  power  from  se¬ 
veral  tens  to  hundreds  of  milliwatts  was  produoted.  The  acce¬ 
lerating  voltage  values  change  from  the  units  and  tens  volts 
to  120-150  V.The  mass  of  the  devices  (in  common  with  the  mag¬ 
netic  system)  lies  in  the  ranges  from  tens  to  hundreds  of 
gramma.  The  view  of  one  such  3  cm  band  device  is  given  in 
Pig. 4. 

7.  BWO  WITH  MAGNETIC  FOCUSING  IN  THE  MILLIMETER  BAND 

The  series  of  magnetically  fooused  BWOs  continuously  covering 
the  whole  millimeter  and  submillimeter  band  was  developed  in 
the  USSR  to  the  middle  of  sixties  (Golant  et  al  1969,Gershen- 
zon  et  al  1985).  However,  great  weights  and  overall  dimensi¬ 
ons  of  these  devices  (up  to  10  kgr  and  more)  and  high  supply 
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voltage  (up  to  5-6  kV)  hampered  and  in  some  cases  eliminated 
the  possibility  of  their  using. 

A  main  direction  of  BWO  miniaturization  at  the  given  magnetic 
field  strength  is  connected  with  the  magnetic  gap  decreasing 
and  with  BWO  axial  length  reduction.  This  effect  is  achieved 
due  to  the  application  of  the  multiset  slow-wave  structure  al¬ 
lowing  to  increase  an  interaction  space,  to  lower  the  opera¬ 
ting  current  density  in  the  electron  beam  and  to  reduce  elec¬ 
tron  pulsations  induced  by  the  space  charge.  The  application 
of  the  compact  electron  gun  with  divergent  optics  providing 
small  radial  electron  velocity  components  at  the  input  into 
the  interaction  space  also  contributes  to  the  lowering  of  the 
longitudinal  length. 

Naturally,  the  mm  band  BWO  miniaturization  required  in  the 
main  new  structural-technological  solutions.  Thus: 

-  construction  and  electrospark  fabrication  method  of  the 
multiset  systems  of  the  type  "contrary  pins",  "comb"  and 
others  with  a  structure  step  up  to  20  mkm  was  developed; 

-  high  emission  cathode-heated  units  with  a  small  heating 
time  and  the  current  densities  of  tens  and  hundreds  A/ cir 
in  a  continuous  mode  were  created; 

-  miniaturized  wide  band  constructions  of  the  vacuum- tight 
energy  outputs  with  small  reflections  and  losses  were  deve¬ 
loped. 

As  a  result  the  set  of  the  miniaturized  BWOs  with  magnetic  fo¬ 
cusing  was  created  which  continuously  cover  the  mm  band  from 
36  to  260  GHz.  The  typical  parameters  of  these  devices  are 
presented  in  the  table  2.!Die  view  of  device  is  shown  in  Fig. 5. 


Table  2  PARAMETERS  OF  MILLIMETER  BAND  BWO 


Operating  frequency 
range 

Minimal  output 
power 

Slow-wave  struc¬ 
ture  voltage 

GHz 

mW 

V 

BWO-1 

36-  55 

40 

400-1 200 

BWO- 2 

52-  79 

30 

400-1 200 

BWO- 3 

78-119 

20 

500-1500 

BW0-4 

118-178 

15 

500-1500 

BWO-5 

177-260 

10 

700-1800 

Output  power  overfall  in  the  operating  range  is  not  more  than 
6  dB,  actuation  time  is  1-3  a,  device  mass  is  1  kgr  and  1.5 
kgr  for  BWO-5,  slow-wave  structure  current  is  20  mA,  the  de¬ 
vices  do  not  require  a  forced  cooling. 


For  the  present  time  the  work  on  BWO  minimization  in  the  di¬ 
rection  of  the  transition  into  the  submillimeter  wave  length 
band  is  continued. 

8.  VACUUM  INTEGRAL  MICROCIRCUITS 

The  film  vacuum  integral  circuits  (VIC)  performed  after  the 
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group  technology  are  baaed  on  phy¬ 
sic-technological  methods  of  the 
growth  of  precision  dielectric 
oicrostructures  from  aluminium- 
oxide  ceramic.  The  VIC  design 
principle  is  shown  in  Fig. 6a.  The 
microtriode  is  realized  on  two 
substrates  on  one  of  which  a  pla¬ 
nar  cathode-heating  and  on  the 
other  an  anode-grid  units  are 
placed.  The  planar  thermocathodes 
are  performed  in  the  form  of  the 
heater  film  on  one  substrate  side 
and  of  the  base  with  the  active 
coating  on  the  other  one. The  ano¬ 
de-grid  unit  substrate  contains 
a  formed  space  with  cantilever 
sheds*  The  metal  film  on  the  can¬ 
tilever  forms  a  sloted  control 
electrode  ("grid"). 

The  microdevices  of  the  tetrode 
and  pentode  types  are  created  by 
analogy  with  the  triode  (Fig. 6b). 

The  shown  diagrams  of  the  miorodevice  construction  on  diffe¬ 
rent  levels  allow  to  realize  several  variants  of  the  specific 
integral  volume  circuits  with  a  high  integration  level:  trig¬ 
gers,  multivibrators  and  also  amplifiers  and  self-excited  os¬ 
cillators  at  the  frequencies  up  to  150  MHz.  These  circuits 
are  encapsulated  in  vacuum-dense  metal-ceramic  cases  and  main¬ 
tain  their  efficiency  at  the  ambient  temperature  of  770°K. 
Their  durability  exceeds  2000  hours. 

9.  CONCLUSION 

Obtained  results  required  creation  of  the  corresponding  tech¬ 
nological  base,  new  materials,  special  equipment  and  techno¬ 
logical  processes.  Developed  devices  found  wide  practical  ap¬ 
plication. 

Alexeenko  A  M  1968a  Int.Conf.om  MW  and  Opt. Generation  and  Am¬ 
plification  (Hamburg)  Band  35 

Alexeenko  A  M  et  al  1968b  UK  Patent  N  1227622,  field  8.04.68 
Gershenzon  Ye  M  et  al  1985  BWOs  of  mm  and  submm  Wave  Bands 
(Moscow:  Radio  i  svyaz) 

Golant  M  B  et  al  1969  Pribori  i  teohnika  experiments  (USSR) 
3  231 

Golant  M  B,  Bobrovsky  Yu  L  1983  Minitrons  (Moscow: Radi osvyaz) 
Gulyaev  Yu  V,  Sinitsyn  N  I  1988  Techn.Progr. 1st  Int. Vao. Mic¬ 
roelectron.  Conf.  (Williamsburg)  p  9-1 
Shevchik  V  N  et  al  1975  Electronics  of  BWOs  (Saratov:  Univ. 
Ed.)  pp  102-134 

Sinitsyn  N  I,  Popohenko  Yu  N  1976  Izv.VUZov,  Radioelektroni- 
ka  (USSR)  XIX  49 
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Fig. 6.  Schematic  diagram 
of  the  microtriode  (a) and 
microtetrode  (b) 
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Micro-cavity  integrable  vacuum  devices  and  triodes 


William  J.  Orvis,  Charles  F.  McConaghy,  Dino  R.  Ciarlo,  Jick  H.  Yee,  Ed  W.  Hee 
Lawrence  Livermore  National  Laboratory,  P.O.  Box  5504,  L-156,  Livermore,  CA,  94550,  USA 
Charles  E.  Hunt,  Johann  Trujillo 

EECS  Dept.,  University  of  California,  Davis,  CA  95616, USA 

ABSTRACT:  We  are  developing  miniature,  vacuum,  field  emission  diodes,  and  triodes  for 
use  in  electronics  in  hazardous  environments.  We  have  produced  the  structures  for  micrometer 
sized  diodes  and  triodes.  We  are  currently  improving  die  emission  rate  of  the  field  emission 
electron  source,  before  inserting  it  into  the  diode  and  triode  structures. 


1.  INTRODUCTION 

Miniature  vacuum  diodes  and  triodes  are  micrometer  sized,  silicon,  electronic  switching  and 
control  devices  with  a  vacuum  as  the  active  volume  instead  of  silicon.  They  are  fabricated  on 
silicon  wafers  using  much  the  same  processing  techniques  as  are  used  for  solid-state  integrated 
circuits,  making  them  completely  compatible  with  existing  integrated  circuit  technology.  This 
makes  possible  the  eventual  integration  of  miniature  vacuum  tubes  with  existing  integrated  circuit 
components.  We  use  the  sacrificial  layer  technique  to  produce  the  free  standing  structures  (Orvis 
1989). 


2.  FABRICATION  OF  A  VACUUM  TRIODE 

First,  coat  the  surface  (100)  of  the  silicon  wafer  with  an  isolation  layer  consisting  of  0.5  pm  of 
silicon  dioxide  and  0.4  pm  of  silicon  nitride.  Create  the  field  emitters  with  an  anisotropic  etch 
behind  a  square  mask  of  silicon  nitride  800  A  thick.  Fill  the  cavity  containing  the  field  emitter  with 
low  density  glass  and  reflow  the  glass  to  planarize  it.  Pattern  a  layer  of  doped  polysilicon  to  create 
the  grid  structure.  Bury  the  grid  structure  in  more  low  density  glass.  Pattern  another  layer  of 
dopedpolysUicon  to  form  the  anode.  Finally,  remove  the  low  density  glass  using  hydrofluoric 
acid.  The  resulting  structure,  with  die  free  standing  anode  and  grid,  is  shown  in  Figures  1,  and  2. 

Figure  3  shows  a  Vacuum  diode  with  the  anode  structure  broken  loose  and  flipped  over.  The 
vacuum  diode  is  a  simple  variation  of  the  triode  design,  which  leaves  out  the  polysilicon  grid. 

3.  TESTING  AND  PROBLEMS 

Progress  in  this  project  has  been  delayed  by  seemingly  minor  processing  problems  that  often 
required  a  complete  rebuilding  of  the  device  to  correct.  Most  of  the  processing  problems  are 
related  to  the  sacrificial  layer  technique,  and  the  long  etch  times  associated  with  it  First,  we  had 
adhesion  problems  of  the  photoresist  on  the  glass  layers.  The  photoresist  would  come  loose  at  the 
edges  and  allow  etching  to  go  on  beneath  it  We  corrected  this  problem  by  using  patterned  chrome 
as  a  mask  for  the  glass. 

*  This  work  was  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  by  the 
Lawrence  Livermore  National  Laboratory  under  contract  No.  W-7405-Eng-48. 
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Next,  the  silicon  dioxide  isolation  layer 
under  the  bond  pads  was  damaged  by 
the  long  processing  times  for  the 
sacrificial  layer.  When  wires  were 
attached  to  the  pads,  they  tended  to  short 
to  the  substrate.  We  changed  the 
isolation  layer  to  silicon  nitride,  but 
Frenkel-Poole  conduction  in  the  silicon 
nitride  obscured  any  field  emission  (Sze 
1981).  Frenkel-Poole  conduction  in 
silicon  nitride  is  difficult  to  tell  from  field 
emission  by  the  shape  of  the  current 
versus  voltage  curve.  However,  it  can  be 
identified  by  the  fact  that  it  is 
bidirectional  and  temperature  sensitive. 


Figure  1  A  cutaway  section  of  the  vacuum  triode 
showing  the  field  emitter,  grid  and  anode. 


We  corrected  this  problem  by  first  coating  the  wafer  with  silicon  dioxide  (0.5  pm),  and  then  with 
silicon  nitride  (0.4  pm).  Bond  pads  placed  over  this  isolation  layer  can  now  withstand 
wirebonding  without  shorting  and  can  hold  off  over  500  V  without  breaking  down. 

Our  next  problem  involved  shorting  of  the  anode  structure  to  the  cathode  due  to  electrostatic 
attraction.  We  applied  300  V  across  a  vacuum  diode  and  observed  anomalous  currents  that  would 
erratically  turn  on  and  off.  It  turns  out  that  the  electrostatic  attraction  between  the  anode  and  the 
substrate  was  sufficient  to  bend  the  anode  down  until  it  touched  the  substrate,  causing  a  short  and 
also  collapsing  the  field.  When  the  field  collapsed,  the  anode  would  spring  back  and  break  the 
connection,  creating  the  switching  of  the  current. 

There  are  two  ways  to  correct  this  problem,  the  first  is  to  stiffen  the  anode  structure,  and  the 
second  is  to  make  the  field  emitters  operate  at  a  lower  voltage.  We  are  stiffening  the  anode  by 
thickening  it,  and  are  currently  working  on  die  emission  rate  of  our  field  emitters. 

From  discussions  with  other  researchers,  it  appears  that  our  field  emission  tips  need  to  be  sharper 
by  a  factor  of  about  2.  Initially,  we  created  our  tips  by  anisotropic  etching  of  silicon  with 
ethylenediaimne-pyrocatechol-water  (EPW).  EPW  is  hard  to  control,  and  resulted  in  tips  with  a 
radius  of  curvature  on  die  order  of  1000  A.  We  have  changed  to  potassium  hydroxide  buffered 


Figure  2.  Electron-micrograph  of  the  vacuum  Figure  3  Electron-micrograph  of  the  vacuum 
triode.  die  horizontal  structure  is  die  grid  and  diode  with  the  anode  broken  off  and  flipped 
the  vertical  structure  is  the  anode.  The  field  over  to  show  its  underside,  and  the  field 
emitter  is  under  the  hemispherical  section  at  emitter, 
the  center  of  the  anode. 
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with  secondary  butyl  alcohol, 
which  is  slower,  but  much 
more  controlled,  resulting  in 
tips  with  a  curvature  of  less 
than  500  A.  Using  a  field  of 
emitters  created  with  this 
process,  we  achieved  field 
emission  with  an  applied 
voltage  of  40  V  across  a  2  pm 
vacuum  gap  (Figure  4). 

We  are  currently  undertaking 
a  systematic  study  of 
anisotropic  etching  of  (001) 
silicon  with  various 
formulations  of  potassium 
hydroxide  and  water,  mixed 
with  alcohol,  to  obtain  field 
emission  points.  The  results 
show  that  uniform  arrays  of 
field  tips,  having  eight  {331 ) 
facets,  can  be  obtained  with  solutions 
mixed  with  secondary  or  tertiary-butyl 
alcohols.  These  results  are  presented 
elsewhere  (Hunt  1989). 

We  are  applying  these  eight-sided  field 
emission  tips  to  the  new  dimpled  diode 
structure,  shown  in  Figure  5.  The 
point  is  overcoated  with  a  1  urn 
sacrificial  layer  of  spin-on  glass.  The 
glass  is  thinned,  or  dimpled  over  the 
tip  and  then  the  structure  is  overcoated 
with  evaporated  tungsten.  After  the 
tungsten  is  patterned  to  become  the 
anode  and  the  interconnect/pad  layer, 
the  glass  layer  is  removed  completely, 
leaving  an  air-bridge  structure. 
Because  the  thinning  of  the  glass  can 
be  controlled  with  precision,  using 
reactive  ion  etching,  the  final  cathode- 
anode  spacing  is  uniform  across  the 
entire  wafer  and  can  be  changed,  if 
desired,  without  requiring  a  new  mask. 

4.  MODELING 

Using  the  combination  of  a  two- 
dimensional  static  field  modeling  code, 
and  the  theoretical  Fowler-Nordheim 
equation,  we  have  estimated  the 
operating  characteristics  of  our  vacuum 
triode  (Figure  6).  The  curves  were 
created  by  fitting  the  field  at  the  tip  of 
the  field  emitter,  calculated  with  the 
static  field  modeling  code,  versus  the 
voltage  on  the  anode  and  grid.  The 
resulting  equation  is  inserted  into  the 
Fowler-Noidheim  equation  to  calculate 
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15,000  field  emitters  spaced  two  micrometers  from  an  anode. 
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Figure  5:  Cross  section  and  top  view  of  the  dimpled 
diode  structure. 
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the  current-voltage  characteristics.  By  taking  the  appropriate  derivatives  of  the  current  -voltage 
curve  (see  Orvis  1989),  we  obtain  the  tube  parameters.  Note  that  these  tube  parameter  values  are 
not  typical  of  those  expected  from  more  traditional  vacuum  tubes.  The  plate  resistance  is  high,  the 
transconductance  is  low,  and  the  static  gain  is  low.  These  differences  must  be  taken  into  account 
when  designing  circuits  for  these  devices. 


< 
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Figure  6  Theoretical  current-voltage,  plate  resistance,  transconductance  and  static  gain  curves  for 
the  miniature  vacuum  triode.  These  assume  a  1.5  micrometer  anode  to  cathode  distance,  the  tip  of 
the  cathode  is  centered  in  a  1  micrometer  radius  hole,  and  even  with  the  top  of  the  grid,  the 
emission  area  is  0.2  micrometers  in  diameter  and  die  field  at  the  tip  has  an  additional  enhancement 
factor  of  20  due  to  microstiucture  on  the  tip. 


5.  CONCLUSION  AND  PLANS 


We  have  completed  the  structures  for  a  field  emission  diode,  and  triode,  and  are  currently 
enhancing  the  field  emission  rate  of  our  field  emitters.  When  we  are  satisfied  with  the  emission 
rate,  we  will  insert  the  field  emitters  into  our  diode  and  triode  structures,  and  evaluate  the 
performance  of  the  resulting  devices.  We  are  also  considering  a  new  anode  structure  that  will 
allow  more  precise  control  of  the  anode  to  cathode  spacing. 
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Electromagnetic  properties  of  a  field  emission  distributed  amplifier 
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ABSTRACT:  The  basic  idea  and  the  design  parameters  of  a  fully  Distributed  Field 
Emitter  Amplifier  are  described. 

1.  INTRODUCTION 

The  performance  of  many  microwave  and  millmeter-wave  devices  can  be  improved 
significantly  by  using  field-emitting  arrays.  The  high-current  density  and  low  transit 
time  of  field  emitter  arrays  make  possible  high-frequency,  high-power  triodes,  better 
density- modulated  klystrodes,  small  and  wide-band  TWT’s  and  wide  band,  high- 
frequency,  high-power,  compact  (magnet-less),  radiation-hard  distributed  amplifiers. 
The  idea  of  Distributed  Amplification  was  first  proposed  by  W.  S.  Percival  in  19361 
and  the  name  “Distributed  Amplifier”  was  due  to  Ginzton  ei  al.2  The  present  paper 
describes  a  continuously  distributed  amplifier  using  field  emitters. 

2.  CONFIGURATION  AND  BASIC  MECHANISM 

The  FEDA  (Field  Emission  Distributed  Amplifier)  consists  of  two  physically  bonded, 
but  electrically  independent,  parallel  microstrip-like  transmission  lines,  one  lying  par¬ 
allel  to  and  directly  over,  the  other  (figure  1). 


Cattofl*  7>cr*en  Ona 

Figure  1.  Field  Emitter  Distributed  Amplifier 
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Figure  2.  Basic  Mechanism  of  a  FEDA 
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The  input  line  contains  the  wedge-like  field  emitters.  A  “grounded-grid”  or  “grounded 
-gate”  triode  distributed  amplifier  is  not  practical  because  the  input  signal  must  drive 
the  cathode  against  the  anode  current,  and  this  results  in  an  excessive  load  (1  /gm) 
in  the  input  circuit,  where  gm  is  the  transconductance.  Therefore,  a  tetrode  type 
of  distributed  amplifier  design  has  been  chosen.  The  screen-grid  is  AC  grounded  to 
shield  the  input  from  capacitively  coupling  to  the  output  and  thus  avoid  feedback 
oscillation.  The  width  of  the  first  grid  is  chosen  to  be  smaller  than  the  screen  grid  to 
minimize  the  capacitance  between  this  and  the  cathode  base. 

The  applied  input  signal  produces  a  travelling-wave  density-modulated  signal  that 
induces  a  similar  amplified  density-modulated  signal  on  the  output  transmission  line. 
Figure  2  demonstrates  this  mechanism  in  an  exaggerated  form.  The  input  signal  is 
applied  at  one  end  of  the  input  transmission  line,  and  the  other  end  is  terminated 
in  a  non-reflecting  resistive  load.  The  output  transmission  line  serves  as  the  electron 
collector  and/or  anode.  This  type  of  FED  A  requires  that  the  phase  velocity  in  the 
input  and  the  output  transmission  lines  to  be  identical  because  the  induced  output 
travelling  wave  must  be  phase-matched  with  the  input  travelling  wave.  This  phase- 
match  is  proposed  to  achieve  by  dielectrically  loading  the  output  line.  Thus,  the 
output  line  contains  the  anode,  a  layer  of  dielectric  and  a  grounded  heat  sink.  The 
output  and  input  transmission  lines  were  modelled  macroscopically  to  determine  the 
degree  of  match.  The  next  section  contains  the  results  of  these  modellings  as  well  as 
other  design  parameters. 

3.  CIRCUIT  DESIGN 

Four  different  output  line  structures  were  tested.  Figure  3  shows  the  different  dimen¬ 
sions  of  these  structures.  The  dielectric  used  was  stycast  with  a  dielectric  constant 
of  9  to  simulate  BeO  or  AI2O3. 
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Figure  3.  Modelling  of  Output  Line. 
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Figure  4  (a,  b,  c,  and  d)  shows  the  results  of  these  preliminary  tests  along  with 
theoretical  values.  The  theoretical  points  were  obtained  from  a  2-dimensional  code  for 
microstrip  line  that  uses  the  full-wave  analysis.  It  is  to  be  noted  that  in  a  microstrip 
line  the  lowest  order  mode  is  the  TMq  which  has  a  zero  frequency  cutoff.  The  next 
higher  order  mode  is  a  TE  mode  with  a  divergence  frequency  fc  below  which  it 
cannot  exist  (figure  5  3).  This  divergence  fequency  is  calculated  for  all  four 
structures  tested  and  it  can  be  seen  that  the  agreement  between  the  experimental 
points  and  the  theory  is  quite  good  below  this  frequency  as  the  theory  does  not 
include  this  TE  mode.  It  is  concluded  from  these  tests  that  it  is  possible  to  slow  the 
phase  velocity  in  the  output  line  sufficiently  by  dielectric  loading  to  match  the  phase 
velocity  of  the  dielectrically-loaded  input  line. 


frequency  <SHz>  rrtqgwcy  (BHD 


trtqwncy  WHz) 


frtqutncy  tGHz) 


fjjil  *  W47  GHs 
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Figure  4.  Dispersion  in  Output  Line. 
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Figure  5.  ft  —  u  Diagram  for  Micros  trip 
and  Surface  Wave  Modes. 

To  find  the  parametric  dependence  of  output-line-impedance  and  the  phase  velocity, 
the  simple,  quasi-static  microstrip  line  theory  was  used.  Figure  6  shows  the  results. 
The  critical  parameter  for  the  loss  in  the  output  line  appears  to  be  the  air( vacuum) 
gap.  The  loss  increases  as  the  gap  decreases,  so  the  loss  was  calculated  for  a  small 
value  of  this  gap  (5/un)  as  a  function  of  frequency  by  again  treating  the  output  line 
as  a  microstrip  line  (Figure  7). 

The  input  line  was  modelled  (Figure  8a)  to  find  the  dispersion  characteristics.  Figure 
8b  shows  the  result.  In  order  to  find  the  loss  in  the  input  line  it  was  treated  as  a 
covered  stripline,  and  Figure  9  shows  that  for  high  frequency  operation  (50  GHz)  and 
with  all  other  parameters  fixed,  the  cathode  has  to  be  tall  (8/un). 
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Figure  7.  Output  Line  Logs. 
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Figure  9.  Input  Line  Loss. 
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ABSTRACT:  The  gain-bandwidth  product  of  vacuum  microelectronic  triodes  with  field- 
emission  cathodes  is  analyzed.  The  Fowler-Nordheim  field  emission  equations  permit 
calculation  of  the  transconductance,  gm,  of  a  triode;  capacitance  can  be  estimated  from  the 
geometry.  Using  reasonable  geometry  for  the  field  emitter  tip  yields  cutoff  frequencies  in 
the  GHz  region,  which  is  less  than  that  achieved  from  m-V  semiconductor  devices.  Using 
literature  values  for  the  current-voltage  relationship  of  typical  field  emitters  yields  cutoff 
frequencies  in  the  MHz  region.  The  gain-bandwidth  and  cutoff  frequencies,  fr,  of  both 
vacuum  and  solid  state  devices  reach  an  asymptote  as  the  dimensions  are  reduced  with  solid 
state  devices  having  the  higher  fr- 


1.  introduction 

High  speed  is  an  advantage  often  cited  (Gray  et  al,  1986)  for  electron  tubes  with  field  emission 
cathodes  because  the  electron  velocity  in  vacuum  is  only  limited  by  the  velocity  of  light 
whereas  the  saturation  drift  velocity  in  solid  state  devices  is  limited  to  less  than  5x10'  cm/s.  To 
overcome  this  limit  solid  state  devices  have  continued  to  be  scaled  down  in  size  with  device 
dimensions  now  in  the  sub-micrometer  range.  With  feature  sizes  in  this  range  current  solid 
state  devices  are  achieving  amplification  at  frequencies  in  the  100  GHz  region.  (Y-K.  Chen  et 
al,  1989;  Wang  et  al  1989a,b,c).  The  gain-bandwidth  for  both  field  emission  devices  and  solid 
state  devices  is  not  only  limited  by  transit  times  but  by  the  electrode  capacitance  and  other 
factors.  Electrical  breakdown  due  to  the  high  electric  fields  near  the  field  emitter  tip  and  Joule 
heating  of  the  tip  limit  the  maximum  voltage  and  current  and  thus  the  transconductance,  gm,  of 
a  vacuum  microelectronic  tube.  Another  limiting  factor  can  be  the  heat  loading  on  the  anode 
produced  by  the  stopping  of  the  electron  beam  by  the  anode. 

2.  FIELD  EMISSION  EQUATIONS 

The  Fowler-Nordheim  theory  (Dyke  &  Dolan,  1956)  relates  the  field  emission  current  density, 
J  in  amps/cm2,  to  the  electric  field,  F  in  volts/cm,  at  die  surface  of  the  field  emitter  tip. 

J  =  L54x  lO^F2  /  ^(yjJexpJ-d  83  x  10V'2v(y)  /  F) 

where  $  is  the  work  function  in  eV.  Spindt  et  al  (1976)  have  shown  that  to  a  good 
approximation  f2(y)  =  l.l  and  for  y2<0.95,  v(y)  =  0.95-y2,  else  v(y)  =  0,  where 
y  =  3.79  x  l0~*Fur/  4». 

The  total  current,  I  in  amps,  emitted  by  the  field  emitter  tip  is  proportional  to  the  effective  tip 
area,  a  in  cm2,  tuid  the  electric  field,  F,  is  proportional  to  the  voltage  difference,  V  in  volts, 
between  the  tip  and  surrounding  electrodes,  i.e.  /  =  aJ  and  F  =  |JV.  With  these  substitutions 
one  can  put  die  Fowler-Nordheim  equation  into  the  following  form: 

log10(7  /  V 2)  =  -5.85  +  4.26/<|>l/2  +  log10(ap2/<t>)  -  2.82  x  10>3,2/(pV) 
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By  plotting  log10(/  /  V2)  vs  1  /  V  one  obtains  a  straight  line  as  observed  by  Spindt  et  al  (1976). 
From  the  slope  or  this  line  one  can  determine  p,  and  from  the  intercept  one  obtains  op2. 

3 .  THE  GAIN-BANDWIDTH  PRODUCT 

The  gain-bandwidth  product  is  just  gm/C,  where  the  transconductance,  gm,  is  measured  in 
siemens,  and  C  is  measured  in  farads.  The  cutoff  frequency,  ft  measured  in  Hz,  is  just 
f T  =  gm  /  (2jc C).  Actual  measurements  of  ft  or  the  gain-bandwidth  product  of  a  field  emitter 
vacuum  microelectronic  tube  have  not  appeared  in  the  literature.  One  can  estimate  gm  from  the 
I-V  relationship  given  by  the  Fowler-Nordheim  equation.  It  is  assumed  that  the  field  at  the 
emitter  tip  is  essentially  controlled  by  the  grid,  and  that  the  anode  is  well  screened  from  the 
field  emitter  tip.  In  this  case  the  transconductance  of  a  mode  is  given  by  gm  =  dl  /  dV. 

Under  normal  “low  temperature”  conditions  with  0  >  0, 


gm  =  1.4  x  10-saP(F  /  0)[2  +  6.49  x  lO7^  /  F]exp{-6.49  x  10V2  /  F  +  9.81  /  0V2} 

Under  sufficiently  strong  electric  fields,  the  surface  potential  barrier  is  depressed  below  the 
Fermi  level  causing  a  strong  increase  in  current  from  the  field  emitter.  Under  this  condition, 
small  changes  of  the  potential  are  less  effective  in  controlling  the  current  with  the  result  the  gm 
shows  a  sharp  drop.  This  condition  occurs  when  0<0j  whereof  =  1.5 lx  10_7F,  with 
g„  =  2.8  x  KT^xPF  /  0. 

The  output  current  must  drive  the  output  capacitance  of  that  stage  and  the  input  capacitance  of 
the  next  stage.  The  capacitance  is  estimated  for  a  single  device,  length  L  on  a  side,  with  the 
grid  separated  from  the  cathode  plane  by  height  H,  and  the  anode  plane  a  distance  H  above  the 
grid  plane.  The  capacitances  are  estimated  by  assuming  20%  of  the  space  between  the  grid  and 
anode  is  filled  with  dielectric,  and  50%  of  die  space  between  the  cathode  plane  and  the  grid 
plane.  The  anode  capacitance,  C„  =  (0.2*+0.8)e,L2/#  ,  and  the  grid  capacitance  Cg  is  given 
by  C.  -  (0. 5k  +  0. 5)eoL2  /  H.  Here  the  dimensions  are  given  in  cm  and  the  constant 
e,  =  06  x  10~M  farads /cm.  The  dielectric  constant  k  =  3.9  for  silicon  dioxide,  the  usual 
insulating  material.  The  total  capacity  driven  by  the  anode  is  just  C  =  C,+ 2 Cv  The  cutoff 
frequency  fT  =  gm  /  (2nC). 

The  total  power  density,  Pd  in  watts/cm2,  dissipated  by  the  anode  is  Pd  =  IV  / 1}.  Temperature 
rise  in  the  cathode  tip  and  stem  is  proportional  to  the  product  I2  and  the  resistivity  of  the 
material.  Under  the  conditions  reprated  the  temperature  rise  at  the  tip  never  exceeded  200°C. 

A  simple  program  was  used  to  numerically  calculate  I,  V,  gm.  fr  and  Pd  for  various  values  of 
a,  P,  and  the  electric  field,  F,  at  the  tip.  In  this  analysis  v(y)  was  determined  from  the  tables  of 
Burgess  &  Kramer  (1953).  For  an  initial  estimate,  the  values  of  a  and  (3  were  related  directly 
to  the  radius  of  curvature,  Ro.  of  field  emitter  tip.  Choosing  o  =  R*  corresponds  to  limiting 
the  effective  emitting  region  of  the  tip  to  a  polar  angle  of  about  32°.  Choosing  B  =  1  /  R„ 
assumes  the  field  gradient  is  the  same  as  would  obtained  from  a  section  of  a  small  isolated 
sphere  of  radius  Ro-  With  the  parameters  R,  =  4  x  10"*cm,  H  =  0.75pm  ,and  L  =  2.6pm  the 
values  of  V,  I,  gm,  and  ft  were  calculated,  Table  I.  The  work  function  0  =  4.35  for 
molybdenum  and  a  work  function  0  =  3.0  corresponds  to  the  case  yielding  a  local  maximum 
of  gm  for  an  electric  field  strength  F  =  6  x  101  volts/cm. 

4.  EXPERIMENTALLY  DETERMINED  PARAMETERS 

As  described  above  one  can  obtain  a  and  P  from  graphical  plots  of  /  /  V2  vsl/V  or  directly 
from  numerical  data  assuming  that  it  obeys  the  Fowler-Nordheim  equation.  With  two  data 
pairs  /,Vj  and  /2V2 ,  one  can  find  f3  and  a  as  follows: 

P  =  6. 49  x  1O70*{1  /  V2  - 1  /  Vj  /  {ln(/,  /  V,)  -  ln(/2  /  V2)} 

a  =  7.14  x  lO5(0/p1X/,  /  V,1)exp{(6.49  x  lO7^*2  /  (pV,)  -9.81/072} 
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Data  from  Fig.  4  of  Spindt  et  al  (1986)  was  used  to  the  determine  a  and  p  of  two  field  emitter 
arrays.  Although  the  spacing  of  the  emitter  arrays  corresponded  to  9.1  pm,  Spindt,  et  al 
(1986)  indicated  with  their  advanced  technology  a  spacing  of  2.6  pm  could  be  achieved. 
Using  H=0.75  pm  and  L=2.6  pm.  Table  II  was  generated  The  two  devices  had  a  tip  radius 
R,  =  4  x  KT6  cm  leading  one  to  expect  that  the  effective  areas  of  the  emitting  tips  would  be 
about  L6  x  10-n  sq.  cm.  The  effective  areas,  a,  are  factors  of  340  and  82  times  smaller  than 
this.  Spindt  et  al  (1976)  postulate  that  the  small  effective  area  must  be  due  to  protuberances  on 
the  tip  of  the  field  emitter.  Insulating  microstructures  on  the  field  emitting  area  as  described  by 
Latham  (1988)  and  Bayliss  and  latham  (1986)  may  also  play  a  role  in  producing  small  emitting 
areas.  It  is  this  very  small  effective  area  that  causes  the  discouraging  low  values  of  the  cutoff 
frequencies. 

5.  CONCLUSIONS 

The  maximum  gm  from  a  field  emitter  triode  is  obtained  with  the  maximum  electric  field 
strength  at  the  tip,  generally  in  the  range  of  4  x  107  to  6  x  101  v  /  cm.  Alpert  et  al  (1964)  have 
surveyed  the  literature  in  electrical  breakdown  phenomena  in  high  vacuum  systems.  They  have 
shown  that  breakdown  occurs  when  the  electric  field  strength  on  the  cathode  reaches  approxi¬ 
mately  6.5  x  107  v  /  cm.  The  field  strength  may  vary  greatly  over  the  surface  of  the  cathode 
due  to  conditions  such  as  insulating  microstructures  and  local  protuberances  such  as  whiskers. 
The  slope  of  the  Fowler-Nordheim  curves  yield  the  field  strength  at  the  cathode  where  the 
electron  emission  is  taking  place.  Thus  the  gm  values  in  Tables  I  and  II  for  the  field  strength  of 
8xl07  v/cm  is  certainly  an  upper  limit 

Paralleling  a  large  number  of  devices  in  an  array  increases  the  gm  and  the  capacitances  so  that 
fr  remains  unchanged.  Reducing  the  effective  radius  of  the  field  emitting  tip  will 
proportionately  reduce  the  gm  and  fr-  Reducing  the  lateral  spacings  and  the  lateral 

dimensions  of  the  tip  will  correspondingly  increase  fr.  This  cannot  be  carried  very  far, 

however,  as  it  will  mate  tne  structures  more  unstable  and  also  increase  the  tip  inductance 
which  will  ultimately  hurt  the  high  frequency  response.  Reducing  all  dimensions,  including 
the  tip  size,  will  leave  fr  unchanged,  however  it  may  be  beneficial  because  the  effective  tip 
emitting  areas  are  much  smaller  than  the  actual  tip  areas.  To  increase  the  gm  one  should  try  to 
eliminate  insulating  microstructures,  whiskers  and  protuberances  so  that  electron  emission 
would  take  place  over  the  maximum  tip  area.  One  should  also  look  for  materials  and  tip 
treatments  that  will  yield  a  work  function  slightly  greater  than  $1  as  defined  above. 

Current  FETs  nude  with  m-V  semiconductor  have  submicrometer  dimensions  and  have  cutoff 
frequencies,  fr,  near  100  GHz.  Wang  et  al  (1989b)  have  reported  that  the  saturation  velocity 
v,  for  GaAs  MESFET  is  L5  x  107  cm  /  s  for  a  gate  length,  Lg,  of  0.3  pm,  leading  to  an  upper 
frequency  limit  of  v ’  / \2nL)  =  80  GHz.  With  L  =  0.1  pm,  operation  at  240 GHz  is 
projected.  Mishra  et  al  (1988)  nave  reported  fr=170  GHz  in  a  HEMT  device  with  a  gate  length 
Lg=0.1pm.  With  an  upper  limit  of  saturation  velocity  v  =5xl07  cm /sec  and  Lg=0.1pm 
yields  an  upper  frequency  limit  of  800  GHz.  For  a  fixed  gate  length  of  an  FET,  the  gm  is 
proportional  to  its  width  and  the  gate  capacitance  is  also  proportional  to  the  width.  Scaling  in 
the  length  direction  will  have  a  much  smaller  effect  on  either  the  gm  or  the  gate  capacitance. 
Since  the  gate  capacitance  predominates  we  have  neglected  the  drain-gate  and  the  drain-source 
capacitances.  Thus  to  the  extent  that  the  upper  frequency  depends  upon  capacity,  and  not 
transit  time,  the  cutoff  frequency  becomes  nearly  independent  of  the  transverse  dimensions. 
To  the  extent  the  voltage  scales  with  thickness  and  the  gate  capacitance  inversely  with  the 
thickness,  the  gm  and  the  fr  will  be  approximately  independent  of  size. 

Within  the  approximations  made  in  this  analysis  the  limits  that  set  the  upper  frequency 
capabilities  of  the  of  current  solid  state  devices  far  exceeds  those  of  vacuum  microelectronic 
triodes,  and  it  appears  that  in  die  limit  of  small  dimensions  die  solid  state  devices  will  maintain 
their  le?d  in  high  frequency  capabilities.  In  both  cases  sufficiently  small  structures  must  be 
used  to  avoid  electron  transit  effects,  and  in  both  cases  distributed  amplifier  techniques  may  be 
used  to  increase  the  capabilities  of  amplifiers  made  with  these  devices. 
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Schematic  of  a  Field  Emission  Microtriode  Array  Model 
used  in  the  Analysis  of  gm,  C  and  fr. 
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Calculated  values  for  the  parameters  of  a  field  emission  mode  with  R,  =  4  x  10-6  cm, 
H  =  0.75  pmandL  =  2.6  pm.  It  is  assumed  a  =  R*  and  (J  =  R~'  .  The  work  function 
<(>=4.35  eV  for  molybdenum,  and  $=3.0  eV  corresponds  to  a  local  maximum  gm  for 
F  =  6  x  107  volts  /  cm. 
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40 

2.9E-5 

6.4E-6 

2.5E+3 

1.7E+4 

Calculated  values  for  the  parameters  of  a  field  emission  triode  using  a  and  f)  values  determined 
from  Spindt et  al  (1986)  and  using  4-4.35eV,  R<,«4E-6cm,  H=0.75|im,  and  L=2.6nm.  All  values 
have  been  normalised  to  refer  to  a  single  device.  It  has  been  assumed  that  all  devices  of  the  array 
provide  approximately  the  same  contribution.  Sample  28C-189-8B  (a=4.7E-14cmi, 
P=7.3E+5cm').  Sample  28C-189-8N  (a=1.96E-13cm2,  p=2.0E+6ctn'). 
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Theoretical  study  of  a  vacuum  field  effect  transistor 
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The  field  emitter  arrays  field  effect  transistor  (FEAFET),  a  typical  vacuum 
micro-electronic  device,  is  investigated  theoretically.  The  multi-dimensional 
character  of  the  device  is  modeled  as  a  cone  representing  the  emitter  and  two 
concentric  disks  each  with  a  hole  in  the  middle  far  the  gate  and  drain.  The  potential 
and  electric  field  are  evaluated  approximately  throughout  the  space  and  exactly  in 
the  region  very  close  to  the  tip.  The  trajectories  and  the  transit  time  of  the  electrons 
from  the  emitter  to  the  drain  are  calculated  using  Newton’s  equations  of  motion. 
The  results  show  that  the  transit  times  are  of  die  order  of  picoseconds,  which 
compare  favorably  with  values  predicted  by  others. 


1.  INTRODUCTION 

Vacuum  microelectronics  has  attracted  much  attention  recently  because  it  has  the 
potential  of  increasing  the  operational  speed  of  microelectronic  devices  and  improving 
their  reliability  against  temperature  extremes  and  radiations.  Recently,  a  vacuum  field 
effect  transistor  based  on  Field  Emitter  Arrays  (Spindt  1968)  has  been  fabricated  (Gray  et 
al  1987,  Campisi  et  al  1987).  The  carrier  transit  time  for  die  device  is  predicted  to  be  about 
1  ps  (Gray  et  al  1987). 

The  Field  Emitter  Arrays  Field  Effect  Transistor  (FEAFET)  has  a  set  of  emitter  (tip), 
gate,  and  drain  electrodes  separated  by  distances  in  the  order  of  pm.  Under  proper  applied 
voltages,  the  electrons  in  the  emitter  tunnel  through  the  potential  barrier  into  the  vacuum 
and  travel  to  the  drain.  The  purpose  of  this  paper  is  to  study  how  electrons  travel  in  such  a 
vacuum  microelectronic  device,  specifically,  the  electron  trajectories  and  the  traversal  time 
from  the  emitter  to  the  drain.  In  Section  2,  we  introduce  a  model  which  is  a  reasonable  first 
approximation  to  the  actual  device  and  is  tractable  either  numerically  and  analytically.  The 
global  potential  field  is  then  calculated  approximately,  but  the  field  near  the  emitter  tip  is 
evaluated  exactly.  The  results  of  the  calculations  for  the  trajectories  and  the  transit  time 
show  that  the  model  device  is  capable  of  operating  in  the  picosecond  range.  Discussions  of 
the  results  and  the  conclusions  are  presented  in  Section  3. 

2.  MODEL,  CALCULATIONS,  AND  THE  RESULTS 

The  vacuum  field  effect  transistor  is  modeled  by  three  closed -spaced  electrodes  as  is 
shown  in  Fig.  1.  The  emitter  is  represented  by  a  cone,  while  the  gate  and  drain  are  the  two 
concentric  circular  disks  each  with  a  bole  in  the  middle.  The  electrodes  are  kept  at 
different  voltages,  Ve,  Vr  and  Vd  for  emitter,  gate  and  drain  respectively.  The  silicon 
subs  tract  and  silicon  oxide  layer  are  ignored  in  this  model. 

Since  the  model  is  cylindrically  symmetric,  the  cylindrical  coordinate  system  (r,z,tp)  is 
used  with  the  origin  located  at  the  apex  of  the  cone.  The  inner  radii  for  the  gate  and  drain 
are  denoted  as  Rg  and  R^  respectively.  The  widths  of  the  elctrodes  are  we  for  the  emitter, 
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Wg  for  the  gate,  and  wd  for  the  drain. 

An  analytical  solution  of  the  potential  field,  V(r),  for  this  model  geometry  is  not 
available.  We  have  used  the  following  scheme  to  evaluate  V(r):  The  charge  density 
distributions  on  the  electrodes  are  assumed  to  be 


>.**>  °  ^5  *  ^55  *  *  c^>  +csft2«2). 


=2 


for  the  emitter, 
P„fr)  = 


-CO  =  "T 2^  2  +1 - ^1—2  +  Cs  +  C9  r  +  C10  r2, 

Vr  -V  y<*S+Wg>  -r2 


for  the  gate,  and 

C11  , _ C12 


Pd<r)  = 


i+wd)  -r 


2 — 2  +  Cl3  +  C14  r  +  c15  r 


(2.1) 

(2.2) 


(2.3) 


for  the  drain.  The  coefBcents  Clp  —, 
Cj5  are  to  be  determined  by  the 
boundary  conditions,  i.e.,  the  atmlied 
voltages  at  the  electrodes  the 
field  at  infinity,  which  we  have 
assumed  to  be  zero.  The  exponents 
0.3  and  0.35  are  chosen  in  Eq.  (2.1) 
for  the  following  reasons.  For  an 
isolated  cone,  the  charge  density 
diverges  as  fi^+z2)  approaches  zero. 
The  exponent  v  in  the  diverging  tom 

(r2+z2)"v  is  a  function  of  cone  angle 
0.  It  is  found  numerically  that  when 
0=70°,  v-0.32;  therefore,  the  two 
values  0.3  and  0.35  are  chosen  to 
ensure  the  required  divergence  in  the 
charge  density  and  to  allow  for  the 
passible  modification  of  the 
divergence  due  to  the  other 
electrodes.  For  the  gate,  pg  diverges 

as  r  approaches  Rg  or  Rg+wg.  Again, 
the  diverging  terms  are  chosen  so 
that  pg  has  the  correct  form  when  it 
is  an  isolated  electrode.  For  similar 
reasons,  the  expression  for  the  drain 
has  the  form  given  by  Eq.  (2.3). 

The  potential  and  electric  field 
for  a  uniformly  charged  ring  can  be 
calculated  exactly.  Treating  the  cone 
and  the  disk  electrodes  as 
superpositions  of  charged  rings,  we 
can  evaluate  the  potential  and 
electric  field  for  the  model  device  if 
the  charge  density  distributions  are 
known.  Hence,  the  Cj’s  in  Eqs.  (2.1) 
to  (2.3)  have  to  be  evsduated  first  To 
determine  these  coefficients,  we 
choose  20  points  on  each  electrode. 


emitter 


Fig.  1.  The  model  device  consists  of  an 
emitter,  a  gate,  and  a  drain. 


Fig.  2.  The  charge  density  distributions 
on  different  electrodes. 
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Since  the  Cj’s  only  appear  as 
multiplicative  constants,  the  integrals 
for  V(r)  can  still  be  calculated. 

Hence  we  obtain  a  matrix  equation 

AC  =  V,  (2.4) 

where  A  is  a  60x15  matrix 
consisting  of  the  integrals  of  the 
separate  terms  in  Eqs.  (2.1-2.3),  C  is 
a  15x1  colume  matrix  consisting  of 
the  coefficients,  and  V  is  a  60x1 
colume  matrix  consisting  of  the 
applied  voltages  on  the  electrodes.  2 
Equation  (2.4)  was  solved  to  obtain 
the  coefficients  for  the  charge 
density  distributions,  which  are 
plotted  in  Fig.  2. 

Once  pe,  p^,  and  pc  are  known, 

the  global  potential  and  the  electric 
field  can  be  determined.  As  is  shown 
in  Fig.  3,  the  potential  changes  very 
rapidly  near  die  tip  of  the  emitter, 
indicating  that  the  largest  fields  exist 
near  the  apex  of  the  emitter.  Since 
the  tunneling  and  the  trajectories  are 
strongly  dependent  on  the  field  in 
this  region,  a  detailed  analysis  is 
needed  to  determine  the  field  in  the 
space  surounding  the  tip. 

An  exactly  soluable  model  that  was  used  to  represent  the  emitter  tip  is  the  sphere-on 
orthogonal  cone  (Hall  1949.  Dyke  et  al  1953).  The  potential  distribution  for  this  model  is 


r 


Fig.  3.  A  cross  section  of  the  global 
potential  distribution. 


Vt(R,0)  -  Vcegg  +  (V^XR^' 

where  R  and  0  are  are  spherical 
coordinates,  a  is  the  radius  of  the 
sphere,  and  v  is  chosen  so  that  the 
Legendre  function  Py(cos0)  vanishes 
on  the  cone  surface.  That  is, 
PyfcosOoM),  where  0O  describes  the 
cone  surface.  Far  this  problem,  we 
have  assigned  Vcooe-Ve.  Wg-V„ 
and  Rj  is  used  as  a  parameter  to 
match  the  local  field  V,(r)  to  the 
global  field  V(r).  Equation  (2.5)  has 
the  following  properties: 

Vt<a,0)-Vt(R.0o>.Veone,  (2.6) 
and 

Vt(R#,0>"Vcooe 

+V,Py(co80).  (2.7) 

It  is  expected  that  V«(R,0)  to  be  a 
good  representation  of  the  potential 
near  the  tip. 

With  the  known  fields,  Newton’s 
equations  of  motion  can  be  solved  to 


v'l)Pv<cos0).  (2.5) 


Fig.  4.  The  electron  trajectories  from  the 
emitter  to  the  drain  for  different  angles 
of  emission. 
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obtain  the  trajectories  and  transit  times  for  the  electrons  to  travel  from  the  emitter  to  the 
drain.  When  die  applied  voltages  are  V6=0V,  Vg=100V,  and  Vd=200V,  it  is  found  that  the 
electrons  travel  a  distance  of  -  1000  pm  from  die  emitter  to  the  drain.  The  corresponding 
traversal  times  are  of  the  order  of  1  ns.  However,  if  the  applied  voltages  are  Ve=200V, 
Vg=300V,  and  Vd=400V,  the  electrons  travel  a  much  shorter  distance  (~10pm)  to  the 
drain.  The  trajectories  are  plotted  in  Fig.  4  for  different  angles  of  emission.  The  trasit  time 
is  now  about  10  ps.  This  difference  is  examined  in  the  following  section. 

3.  DISCUSSIONS  AND  CONCLUSIONS 

As  is  expected,  it  is  found  that  the  electric  field  is  strong  only  in  the  neighborhood  of 
the  the  tip.  Far  from  the  tip,  the  potential  varies  slowly  and  approaches  1/lrl  as  r  goes  to 
infinity.  When  electrons  leave  the  strong  field  region,  they  have  near  maximum  velocity  in 
the  radial  direction.  To  reach  the  drain  electrode,  an  electron  has  to  change  its  initial 
upward  directed  velocity  to  a  downward  one.  If  the  emitter  is  grounded,  then  the  potential 
energy  at  the  emitter  has  the  same  value  as  at  infinity  (i.e.,  zero).  A  moving  electron 
experiences  a  weak  field  along  that  trajectory  ('excluding  the  near  tip  region),  which  does 
not  significantly  change  the  direction  of  motion  until  the  velocity  of  the  electron  is  small 
enough  so  that  the  weak  field  influences  its  trajectory.  The  trajectory  resembles  half  of  a 
long  oval  with  a  length  of  about  1000  pm,  and  the  traversal  time  of  the  electron  from  the 
emitter  to  the  drain  is  estimated  to  be  a  few  nanoseconds.  However,  when  the  emitter,  the 
gate,  and  the  drain  are  biased  several  hundred  volts  relative  to  the  ground,  the  trajectory 
has  a  much  shorter  path.  The  traversal  time  is  now  found  to  be  about  10  ps.  That  is,  the 
trajectories  and  hence  the  transit  times  are  sensitive  to  the  absolute  values  of  the  applied 
voltages. 

In  the  real  device  (FEAFET),  the  geometry  is  much  more  complicated  than  our  model 
presented  above.  The  long  range  Coulomb  force  may  alter  the  global  field  and  hence  the 
electron  trajectories,  but  the  potential  field  near  the  tip  should  not  be  affected  much. 
Consequently,  the  conclusion  that  the  electron  gains  much  of  its  kinetic  energy  in  the  near 
tip  region  with  velocity  in  the  radial  direction  and  that  the  trajectories  and  the  transit  times 
are  sensitively  dependent  on  the  absolute  values  of  the  applied  voltages  should  still  be 
valid  for  the  real  device. 

Not  included  in  the  analysis  is  the  effect  of  high  eleclron  density  or  space  charge  in  the 
vacuum  near  the  tip  region.  The  effect  of  the  repulsive  Coulomb  interaction  in  the  field 
emission,  or  the  so-called  Boersch  effect  (Ward  et  al  1981),  on  the  trajectories  and  transit 
times  has  not  been  analyzed  for  this  device.  A  qualitative  picture  is  that  the  Coulomb 
repulsion  among  the  electrons  repels  them  away  from  the  symmetry  (z-)  axis.  The  transit 
time  should  be  shorter  due  to  this  effect. 

This  research  was  supported  in  part  by  the  Office  of  Naval  Research,  Arlington,  Virginia, 
Contract  No.  N00014-86K-0160 
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Appends 

In  principle  all  the  charge  densities  can  be  represented  by  power  series  expansions.  However, 
the  series  can  be  truncated  after  the  quadratic  term  because  the  densities  are  not  expected  to 
exhibit  very  pronounced  oscillations.  The  divergent  terms,  which  occur  near  the  edges  of  the 
electrodes,  are  chosen  to  have  the  same  analytic  form  as  those  of  the  isolated  electrodes. 
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Scaling  laws  for  temporal  and  spatial  dispersions  of  a  short  pulse  of 
electrons  in  a  diode  in  the  space-charge  regime 
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ABSTRACT  :  The  space-charge  phenomenon  In  the  diode  of  a  photo-injector 
Induces  simultaneously  temporal  and  spatial  dispersions  of  the  electrons  burst, 
in  pulsed  regime.  Here  we  present  results  for  spatial  and  temporal  dispersions 
obtained  by  computer  simulation.  We  give  simple  scaling  laws  accounting  for 
them. 


1.  INTRODUCTION 

Many  previous  workers  have  extensively  studied  spatial  and  temporal  evolutions  of 
current  in  a  vacuum  diode,  considering  both  quasl-stationary  and  transient  regimes. 
Most  such  theories  are  based  upon  the  assumption  that  a  steady  space-charge 
distribution  has  been  established  in  the  vacuum  tube  and  that  the  high-frequency 
signal  is  merely  a  small  disturbance  compared  to  the  steady  component.  But  recent 
electron  accelerator  applications  such  as  free-elect ron  lasers,  synchrotron 
sources,  and  powerful  microwave  tubes  require  bursts  of  very  short  pulses,  high 
repetition  rates  and  very  high  peak  brightness.  As  few  experimental  data  are 
available  today,  we  study  numerically  the  behaviour  of  photo-injectors  in  space- 
charge  and  very  short  pulses  regime. 

2.  SIMULATION  OF  T>€  BEHAVIOUR  OF  AN  ELECTRON  PULSE  IN  A  DIODE 

We  consider  a  plane  diode  with  axial  symmetry  and  inter-electrodes  distance  d.  The 
applied  voltage  is  V.  The  departure  of  electrons  from  the  injector  is  made  possible 
by  a  central  hole  of  radius  opened  In  the  anode.  We  suppose  that  the  radius  R^  of 
the  emissive  part  of  the  cathode  Is  small  compared  with  d  and  Rj,,  so  that  the  radial 
effects  of  the  fields  can  be  considered  only  as  a  correction  of  axial  effects.  In  such 
conditions,  we  may  neglect  the  magnetic  fields. 

We  use  for  the  electron  pulse  a  description  which  was  often  used  in  more  elaborated 
codes,  cutting  up  the  beam  in  a  sequence  of  disks  of  small  thickness,  emitted  at 
regular  time  spaclngs,  as  a  train  of  micro-pulses.  The  distribution  of  elementary 
charge  in  the  micropulses  can  be  adapted  to  various  shapes.  The  disks  are  divided 
in  concentric  rings  in  the  radial  direction.  We  suppose  that  in  each  element,  all  the 
electrons  are  submitted  to  the  same  forces,  and  have  the  same  energy.  We  consider 
the  mean  values  of  the  forces,  and  we  take  in  account  that  the  electrons  can  be 
relativistic.  Each  electron  in  an  element  is  submitted  to  three  kinds  of 
electric  fields :  the  first  due  to  the  applied  voltage,  the  second  due  to  the  coulombian 
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interaction  with  electrons  of  the  others  elements,  and  the  last  induced  by  the  image 
charges  appearing  when  electrons  leave  the  cathode. 

The  KIWI  code  is  written  for  an  I.B.M.  PS/2  computer.  The  results  are  tn  good 
agreement  with  the  accepted  values . 

We  analyze  temporal  and  spatial  evolutions  of  electron  beams  with  various 
conditions  for  charge  distributions,  pulse  durations,  dimensions  of  the  diode  and 
applied  electric  fields.  In  the  following,  R  is  the  radius  of  the  beam,  x  the  pulse 
duration,  indexes  K  and  A  correspond  to  the  values  at  the  cathode  and  at  the  anode 
respectively. 

3.  TEMPORAL  DISPERSION 

The  scaling  law  concerning  the  variation  of  x  uses  normalized  variables  previously 
defined  (Girardeau-Montaut  1989) : 

x  =  x  .  V,/2  /  d  (I) 

This  allows  us  to  generalize  the  results  to  any  operating  conditions.  Then  = 

38  ns.  cm-1 .  V1/2  is  the  characteristic  time  separating  pulsed  from  quasl-contlnuous 
regimes. 

The  first  set  of  operating  conditions  is  labelled  [G]  :  the  electron  pulse  Is  gaussian, 
divided  into  27  micro-pulses,  across  a  diode  in  which  d  =  5  mm,  =  3  mm,  and  the 

emissive  area  of  the  cathode  =  1  mm2.  The  applied  field  is  E  =  18  MV.m-' .  The 
total  extracted  density  of  charge  Is  o  =  15.9  nC.cm"2,  very  close  to  the  space 
charge  limit.  In  such  conditions,  the  travelling  time  of  the  electrons  across  the 
diode  is  about  60  ps.  Calculations  were  done  with  8  different  values  of  \  between 

0.25  and 32  ps,  e.g.  xk  varying  between  0. 15  and  19.2  ns.V,/2 .cm-1 . 

Figure  I  represents  an  initial  pulse  with  a  duration  xK  -  4  ps,  and  the  same 
impulsion  after  the  diode  crossing.  Values  of  xA  versus  are  reported  on  Figure 
2.  The  values  of  xA  for  the  values  of  xK  given  above  vary  from  2  to  34  ps,  and  are 
more  high  as  xK  Is  smaller. 

Another  set  of  results  was  obtained  in  very  different  conditions :  uniform  distribution 
of  the  charge,  cut  up  in  20  disks,  fn  a  diode  In  which  d  =  5  cm,  Rh  =  2  cm,  and  for  E 

=  20  MV.rrf 1 .  The  radius  of  the  beam  at  the  cathode  is  successively  0.5  and  0.25 
cm,  corresponding  to  2  sets  [UjJ  and  [U^]  of  operating  conditions.  The  charge 

density  is  17.64  nC.cm-2  ;  pulse  durations  at  the  cathode  are  75,  50  and  37.5  ps, 
corresponding  to  t*  =  15, 10,  and7.5  ns.V,/2.cm"1.  Results  are  reported  also  on 
Figure  2. 
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Fig.  1  -  Temporal  variations  of  the  charge  Fig.  2  -  Normalized  electron  pulse  duration 
of  an  electron  pulse  between  the  cathode  at  the  anode  versus  initial  duration  at  the 

and  the  anode  cathode 


Searching  for  an  analytical  expression  of  variation  of  tA  versus  tK,  we  introduced 
an  extra  point  corresponding  to  t*  *  tg  =  38  ns.V,/2  .cm-1,  as  we  expect  that 
there  is  no  more  temporal  distortion  of  the  beam  during  the  crossing  of  the  diode 
above  this  value.  Then  the  expreslson  giving  the  best  fitting  for  the  curve  on  Figure 
2  Is  a  polynomial  of  successive  powers  of  [tK/xg]2/3  : 

tA  =  2  a(  [tK/tg]  (2) 

where  a,  is  in  the  same  units  as  xA.  For  1  varying  from  0  to  4,  the  values  of  n,  are 
respectively  0,  1,  2,  4  and  5  and  the  corresponding  values  of  8|  are  0.366,  33.4, 
-18.6,66.7  and -  44.8.  Equation  (2)  shows  that,  even  If  the  emission  time  of  the 
electrons  at  the  cathode  is  very  small,  the  pulse  duration  will  always  have  a  lower 
limit  tA  of  approximative^  one  percent  of  tg . 

4.  SPATIAL  DISPERSION 

Some  results  for  spatial  evolution  are  reported  on  Figure  3,  for  [U,J  and  [Uj]  :  the 
dispersion  varies  Inversely  to  R*  and  xK .  The  beam  is  widened  mainly  in  its  middle 
part,  except  when  charges  concentration  is  so  high  that  the  end  of  the  pulse  is  even 
more  broadened.  To  characterize  this  deformation,  we  consider  the  value  of  r  = 
RA/Rjc.  On  Figure  4  are  reported  results  for  the  3  sets  [6]  (curve  a),  [U,]  (curve  b) 
and  [Uj]  (curve  c),  each  curve  corresponding  to  the  same  value  of  F/tg  :  the 
parameter  F  is  proportional  to  the  voiumlc  density  of  electrostatic  energy  stored  In 
the  diode,  Eo,  and  to  (Rk/Rh)'/2,  accounting  for  the  electric  field  distortions  tn  the 

injector.  Then  r  is  proportional  to  the  inverse  values  of  F  and  of  xk/tg  respectively. 
It  varies  with  decreasing  values  of  F  .  x^/xQ  from  1  to  some  limit  depending  on  F. 
Computations  on  limits  of  the  curves  give  the  values  2.4  for  [6]  and  [Uf],  as  they 
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have  the  same  value  of  F  =  12.5  In  arbitrary  units,  and  3.6  for  [ty,  F  =  17.65  In 
the  same  units.  F/tg  Is  the  maximum  power  density  available  In  the  diode, 
modulated  by  the  geometry  of  the  diode  ;  as  expected,  the  distortion  Is  greater  as 
time  of  extraction  is  shortened. 


Fig  3  -  Geometry  of  an  electron  beam  of  Fig  A  -  Spatial  dispersion  of  a  uniform 
initial  uniform  distribution  after  crossing  electron  distribution  In  a  plane  diode,  for 
thediodB  different  operating  conditions 


5.  CONCLUSION 

This  simplified  analytical  study  gives  the  order  of  variations  that  have  to  be  expected 
when  parameters  of  the  diode  or  operating  conditions  vary.  It  shows  that  in  each 
case,  limiting  values  exist  and  have  to  be  taken  In  account. 


Girardeau-MontaUt  JP,  Girardeau-Montaut  C  1909  J.  AppL  Phys.  65  (8)  2889 
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Fabrication  and  theoretical  study  of  micron-size  vertical  vacuum  triodes 

J  Itoh  and  H  Hiroshima 

Electrotechnical  Laboratory,  1-1-4  Omezono,  Tsukuba-shi,  Ibaraki-ken  305, 
Japan 

He  have  fabricated  vertical  triode  arrays  with  pyraaidal  Si  field  eaitters. 
The  fabrication  Method  is  based  on  a  simple  self-aligned  process.  The 
triode  fabricated  has  a  column-shape  cavity  of  8-^m  diameter  above  the 
emitter,  through  which  electron  passes  in  a  linear  orbit.  The  thicknesses 
of  the  substrate-gate  and  the  gate-anode  insulating  films  are  2  fiu  and  1  p. 
m,  respectively.  The  electric  field  at  the  emitter  apex  and  the  emission 
current  were  theoretically  calculated.  With  calculation  results,  the  device 
structure  was  optimized  and  the  device  characteristics  were  estimated. 

1.  INTRODUCTION 

There  has  been  an  increasing  interest  in  miniature  vacuum  tubes  fabricated 
with  microfabrication  technologies  used  for  integrated  circuit.  They  are  ex¬ 
pected  to  be  ultra-high  speed  and  radiation-hard  devices.  The  vacuum  triode 
having  a  planer  structure  has  already  been  proposed  (Gray,  Campisi  and  Greene 
1986,  Campisi  and  Gray  1987). 

He  have  fabricated  a  vertical  triode  with  pyramidal  Si  field  emitter.  In  the 
present  structure,  the  gate  and  the  anode  electrode  are  deposited  on  a  Si 
substrate  with  intermediate  in¬ 
sulating  layers.  Electrons  emitted 
from  the  emitter  move  to  the  anode 
in  a  linear  orbit  through  the 
column-shape  cavity  formed  above 
the  emitter. 

The  electric  field  at  the  emitter 
apex  and  the  field-emission  current 
density  were  calculated.  Hith  the 
results,  we  optimized  the  device 
structure  and  derived  the  current- 
voltage  characteristics. 

2.  FABRICATION  OF  VERTICAL  TRIODE 


The  schematic  diagram  of  fabrica¬ 
tion  process  is  shown  in  Fig.l.  At 
first,  4~A*~thick  SiN  and  0. 1-^m- 
thick  H  films  are  deposited  on  n- 
Si(100)  substrate  by  rf-sputtering 
((1)  in  the  diagram).  Then  5-*tm- 
diameter  SiN  disks  are  formed  by 
reactive  ion  etching  (RIE)  with 
SFr  gas  and  wet  etching  with  HF 
solution  (2).  By  using  these  disks 
as  etching  masks,  pyramidal  field 
eaitters  are  made  by  orientation- 
ndent  etching  (ODE)  technique 
which  is  similar  to 

©  1989 IOP  Publishing  Ltd 


Orientation- 
dependent  etching 
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Fig.l.  Schematic  diagram  of 
fabrication  process. 


232 


Vacuum  microelectronics  89 


that  of  Canpisi  and  Gray  (1987). 
The  etchant  used  is  a  mixture  of 
KOH,  H2O  and  isopropanol  (IPA)  in 
ratios  of  40:400:100.  The  etch 
rate  in  depth  is  about  26  nn/min  at 
30±0. 5T2,  which  is  almost  the  sane 
as  that  of  undercut.  By  changing 
the  mixture  ratios,  one  can  control 
the  etch  rates  in  these  directions; 
the  rate  in  depth  is  enhanced  by 
increasing  the  KOH  ratio. 

After  naking  the  enitters,  0. 2-^a- 
thick  Bolybdenua  layers  for  the 
gate  and  the  anode  electrodes  are 
deposited  in  series  with  inter- 
mediate  insulating  filns  by 
electron-bean  evaporation  (4).  A 
compound  of  Si02  and  AI2O3  is  used 
for  evaporation  source  to  deposit 
the  insulating  filns  (Vanfleteren 
and  Calster  1986).  The  thicknesses 
of  substrate-gate  and  gate-anode 
insulating  filns  are  2  (in  and  1  u 
n,  respectively. 


Fig. 2.  Scanning  electron 
micrograph  of  the  emitter  apex 
formed  with  orientation  depen¬ 
dent  etching  described  in 
text. 


Finally,  the  SiN  masks  are  removed 
by  ultrasonic  agitation  leaving 
column-shape  cavities.  Then,  the 
emitters  are  again  etched  with  the 
ODE  etchant  to  sharpen  their  apexes 
(5).  In  this  fabrication  process, 
the  gate  and  the  anode  are  self- 
aligned  to  the  emitter  because  they 
are  made  with  the  sane  mask  used 
for  definition  of  the  emitter. 

Figure  2  shows  a  scanning  electron 
micrograph  of  the  emitter  formed 
with  the  ODE  technique;  in  this 
micrograph,  the  SiN  aask  is  just 
removed  to  observe  the  apex.  It  is 
found  from  the  figure  that  the  apex 
can  be  as  snail  as  0.3~ua  diameter 
without  removing  the  aask. 

An  11x11  array  of  triodes  fabri¬ 
cated  is  shown  in  Fig. 3.  The 
diameter  of  the  cavity  is  about  8 
u*,  which  is  larger  than  that  of 
the  SiN  mask  used.  As  shown  in  the 
figure,  the  diameter  of  the  emitter 
apex  is  less  than  0.1  /in. 


Fig.  3.  An  array  of  121  (11x11) 
vertical  triodes.  (a)  is  a 
photograph  and  (b),  (c)  are 
scanning  electron  micrographs. 
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3.  CALCULATION  OF  THE  DEVICE 
CHARACTERISTICS 

He  have  calculated  the  electric 
field  at  the  eaitter  apex  by  the 
charge  simulation  method  (Hoch, 
Kasper  and  Kern  1978).  Figure  4 
shows  an  exaaple  of  two-dimensional 
equipotential  diagraa  calculated 
for  the  triode  having  a  l-/ta- 
diaaeter  cavity  and  the  emitter 
apex  with  0.025- it  a  radius  of  cur¬ 
vature.  In  the  calculation,  the 
gate  bias  voltage,  Vg,  is  fixed  as 
a  half  of  the  anode  voltage,  Va. 
One  can  see  froa  the  figure  that 
the  electric  field  is  mainly  in¬ 
fluenced  by  the  gate  voltage.  In 
order  to  increase  the  emission  cur¬ 
rent,  therefore,  we  need  to  in¬ 
crease  the  gate  bias  voltage  or  put 
the  gate  electrode  close  to  the 
eaitter  apex. 

The  emission  current  density  In 
(A/cb^)  was  calculated  with  a  field 
emission  theory  froa  seaiconductor 
proposed  by  Stratton  (1962,  1964). 
According  to  the  theory,  the  emis¬ 
sion  current  froa  the  conduction 
band  is  saall  compared  with  that 
froa  the  valence  band  because  of 
the  band  bending  effect  due  to  the 
surface  states.  Furthermore,  Iq  is 
alaost  independent  on  the  donor 
concentration.  Figure  5  shows  the 
current  density  at  T=300  K  emitted 
froa  n-type  Si  calculated  as  a 
function  of  the  electric  field. 

In  order  to  optiaize  the  device 
structure,  we  considered  three 
typical  cases  as  shown  in  Fig. 6. 
For  each  structure,  we  calculated 
the  electric  field,  the  eaission 
current  density  and  the  trans¬ 
conductance.  The  results  are  shown 
in  Fig. 7  as  a  function  of  Va.  In 
the  calculation,  the  following  con¬ 
ditions  are  assuaed;  radius  of  the 
eaitter  apex  is  r=0.025  (l  a, 
V»=3/4Va  and  diaaeter  of  the  cavity 
is  1  (i  a. 

As  shown  in  Fig.  7,  the  structure  of 
(b)  in  Fig.  6  is  better  than  the 


V®  v 


Fig. 4.  Two  dimensional  equi¬ 
potential  diagram  calculated 
by  charge  simulation  method. 
In  this  case,  bias  voltage  of 
the  gate,  Vg,  is  0. 5Va,  where 
Va  is  anode  voltage.  The 
radius  of  the  emitter  apex  is 
r=0. 025  ii  m. 


Fig.  5  Field  emission  current 
density  calculated  as  a  func¬ 
tion  of  the  electric  field. 
Nq  is  the  donor  concentration, 
Na  is  the  acceptor-type  sur¬ 
face  state  density  with  a 
single  energy  level,  Ea  is  ac¬ 
tivation  energy  of  the  surface 
state  measured  from  the  top  of 
the  valence  band. 
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others.  In  this  case,  the  current 
density  of  Io=4xlO*  A/cm*  and  the 
trans -conductance  (=AI/AVg,  I  =n 
t^Iq)  of  ga=0. 4  #S  are  obtained 
for  Va=400  v.  This  value  of  ga, 
however,  is  not  sufficient  to  use 
the  present  triode  in  an  ultra-high 
speed  circuit;  for  such  use,  ga 
should  be  improved  by  at  least  one 
order  or  the  gate  capacity  should 
be  less  than  10“*'  F.  Reduction  of 
the  dimensions,  especially  diameter 
of  the  cavity  and  radius  of  the 
emitter  apex,  is  most  effective  to 
improve  the  device  characteristics. 

4.  CONCLUSION 

We  have  fabricated  micron-size  ver¬ 
tical  vacuum  triodes  with  a  simple 
self-align  process.  The  device 
characteristics  are  estimated 
theoretically  and  the  device  struc¬ 
ture  is  optimized.  It  becomes 
clear  from  the  calculations  that 
reduction  of  the  device  dimensions 
is  essentially  important  to  use  the 
present  triode  as  an  ultra-high 
speed  electron  device. 

The  authors  are  grateful  to  Drs.  T. 
Tsurushima,  K.  Shimizu,  K.  Hoh,  N. 
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vice  and  continuous  encouragement. 
They  also  thank  Drs.  T.  Kanayama 
and  S.  Kanemaru  for  helpful  discus¬ 
sions  on  the  fabrication  process 
and  theoretical  calculations. 
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Fig. 6.  Three  typical  struc¬ 
tures  of  vertical  triode  used 
for  optimization  of  the  device 
structure. 


Fig. 7.  Electric  field  at  the 
emitter  apex,  emission  current 
density  and  trans-conductance 
at  room  temperature  calculated 
as  a  function  of  the  anode 
voltage  for  the  three  struc¬ 
tures  shown  in  Fig. 6.  In  the 
calculation,  V»=3/4Vo  and 
r=0. 025  pm.  8 


Electric  Field  Px10~7  (V/ cm) 
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Ballistic  field  emission  devices 


V.I.  Makhov 

Moscow  Physical  Technical  Institute,  Dolgoprudny,  USSR 
ABSTRACT:  The  current-voltage  characteristics  of  the 
microelectronic  diodes  with  a  silicon  field  emission 
cathode  (PEC)  in  the  wide  range  of  pressure  values 
have  been  studied.  The  operating  voltages  were  up  to 
12V.  The  C-V  characteristics  of  the  microdevices  re¬ 
mained  stable  at  pressures  ranging  from  10'^to  10 5  Pa. 

At  the  atmospheric  pressure  the  microdiodes  operate 
in  a  ballistic  mode  without  the  change  of  emissive 
properties. 

1.  INTRODUCTION 

A  number  of  authors  acknowledge  [Dyke ,1956]  'the  reasons  ac¬ 
counting  for  FEC  failures  in  the  vacuum  with  the  pressure 
10 5  Pa  and  analyse  various  factors  affecting  the  field 
emission  current  instability.  The  first  reason  is  a  change 
of  the  size  and  the  pattern  of  the  emitting  surface  due  to 
ion  bombardment  from  the  ambient  gas  medium.  The  second 
reason  is  the  change  of  the  work  function  while  adsorbing 
residual  gas  molecules.  And  the  third  factor  is  the  rearrange 
ment  of  the  emitting  surface  and  even  its  destruction  under 
the  action  of  ponderomotive  loads  due  -tjo  strong  electric 
fields  with  the  intensity  more  than  lO^V/cm. 

2.  ELIMINATION  OP  ION  BOMBARDMENT  OP  THE  PEC 

To  provide  the  stability  of  the  PEC  in  the  wide  pressure 
range  it  is  necessary  to  eliminate  ion  sputtering  of  the 
cathode  surface.  The  presence  of  ions  in  the  field  emission 
device  is  caused  by  a  collision  ionization  of  the  residual 
gases  molecules  by  the  emitting  electrones  in  the  interelect¬ 
rode  space.  The  maximum  energy  that  an  electron  can  obtain 
from  the  field  in  the  interelectrode  space  depends  on  the 
anode  voltage.  Consequenly,  ion  bombardment  would  not  appear 
until  the  operating  voltages  of  the  field  emission  devioe  do 
not  exceed  the  minimum  value  of  the  gas  ionization  potential 
in  a  working  volume.  In  the  atmospheric  air  the  ion  bombard¬ 
ment  won't  take  place  at  Up  <  12,5  V. 

If  the  work  function  of  the  field  emission  cathode  doesn't 
depend  on  the  pressure  of  the  gases  present,  the  maximum 
value  of  the  admissible  pressure  in  the  working  volume  of 
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the  field  emission  device  will  be  related  to  the  electron 
ballistic  movement  in  the  interelectrode  space.  This  move¬ 
ment  allows  insignificant  dissipation  of  the  emitted  elect¬ 
rons  at  the  gas  molecules.  An  observable  electron  dissipation 
will  be  observed  when  the  characteristic  size  of  the  device 
exceeds  the  free  electron  path  travelling  in  the  given  gas 
(quasi-ballistic  operation  mode).  At  room  temperature  and  the 
pressure  of  1  atm.  the  length  of  the  free  electron  path  in 
the  air  makes40,4//m  and  in  He  4  1/m.  Consequently,  the  elect¬ 
ron  dissipation  in  the  field  emission  devices  having  charac¬ 
teristic  size  of  the  working  space  0,4/jm  will  be  considerable 
at  the  pressure  of  1  atm  and  at  He  pressure  2,5  atm.  It  means 
that  the  reduction  of  the  operating  voltages  of  the  field 
emission  devices  below  the  value  of  the  gas  molecules  ioniza¬ 
tion  potential  allows  to  considerably  extend  the  admissible 
range  of  the  gas  pressure  up  to  atmospheric  and  higher  for 
several  types  of  devices. 


3.  STABILIZATION  OP  THE  WORK  FUNCTION  AND  THE  GEOMETRY  OP 
THE  EMITTING  SURFACE  OF  THE  PEC 


The  problems  of  the  change  of  the  work  function  and  rearran¬ 
gement  of  the  surface  under  the  influence  of  adsorption  and 
ponderomotive  loads  still  remain  unsolved.  The  change  of  the 
work  function  of  the  PEC  surface  can  be  prevented  by  deposi¬ 
ting  a  tunnel-thick  dielectric  layer  onto  Its  surfaceCd^  2QA) 
[Makhov,  1984] 


In  suoh  a  structure  of  the  PEC  the  adsorbed  gases,  which  are 
located  in  the  dielectric  interface  do  not  affect  the 
stoichiometry  of  the  emitting  area  -  tunnel  layer  at  the 
dielectric  interface. 


The  dielectric  layer  deposited  onto  the  cathode  surface  elimi¬ 
nates  one  more  factor  causing  the  change  of  the  cathode  cur¬ 
rent,  that  is  -  sharpening  or  the  working  end  to  the  sur¬ 
face  particle  migration  in  the  electric  avers 

the  PEC  with  such  layers  depend  on  the  stability  of  w®rs 
to  the  bulk  electromechanical  forces  [Makh°v»  ' y°r&i 


When  the  electrons  tunnel  directly  Into  a  vacuum  ,  the 
emission  current  density  exponentially  depends  on  the  dielect¬ 
ric  film  thickness.  Consequently  in  this  emission  mode  the 
fluctuations  of  the  emission  current  may  be  caused  by  the 
processes  of  desorption  and  adsorption  and  also  by  the  chemi¬ 
cal  interaction  with  the  active  gases  that  particularly  in¬ 
creases  in  poor  vacuum.  So  to  provide  stability  of  the  FEC 
in  the  wide  pressure  range  we  must  use  such  emission  mode 
when  the  electrons  emit  into  the  dielectric  conductance  area 
|jtekhov,i96'?b'lln  this  case  the  cathode  current  does  not  depend  on 
the  thickness  of  the  dielectric  film.  Meanwhile  we  can  neg¬ 
lect  the  nonelastic  electron  dissipation  in  the  dielectric, 
evaluations  show  that  when  the  .  ntensity  of  the  field  is 
E^4*10?  V  /cm  and  ^^3,2  eV,  the  part  of  nonelastically 
dissipated  electrons  will  be  small  at  d  ^  26  A.  The  sili¬ 
con  oxide  film  thickness  is  15  to  20  A  which  satisfies  this 
condition. 
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Exponential  relationship  between  the  emission  current  and  the 
geometry  and  the  work  'function  puts  strong  limitations  on  the 
tolerances  and  reproducability  of  parameters.  We  manage  to 
observe  these  limitations  by  app¬ 
lying  a  well-developeu.  grouping 
technique  of  the  microelectronic 
technology.  It  is  based  on  a  ra¬ 
pid  drop  of  the  etching  rate  of 
Si  in  anisotropic  etchant  with 
excessive  B  concentrations.  The 
thickness  of  the  FEC  made  on 
film  and  the  geometry  of  the  top 
of  the  oathode  were  determined 
by  the  character  of  B  diffusion 
into  Si.  After  formation  of  the  „  mu 

cathode  geometry  a  dielectric  f£ruit'?re  tiie 

layer  was  deposited  onto  the  but-  the  film  FEC. 

face  of  the  cathode,  having  the  2~  ““®  |V'“3t£®£® 
tunnel  thickness  near  20  A.  For  ££e 
this  purpose  a  method  of  ther-  ££®  dielectric  film 

mal  oxidation  was  used. Figure  1  tn®  8110(16 

shows  the  structure  of  the  diode 
with  the  film  FEC. 


4.  EXPERIMENTAL  STUDY  OF  THE  EMISSION  STABILITY  OF  THE 
SILICON  FEC 

The  diodes  were  studied  in  a 
disassembling  vacuum  chamber  at- 
the  pressure  ranging  from  3*10° 
to  10  Pa.  Figure  2  shows  a  typi¬ 
cal  C-V  characteristics  of  the 
diode.  The  diode  current  of  the 
order  of  microampere  had  appea¬ 
red  sifter  the  operating  voltage 
was  greater  than  5«V.  The  pres¬ 
sure  rise  up  to  103  Pa  did  not 
oause  obvious  changes  in  the  dio¬ 
de  currents.  The  stability  of 
C-V  characteristics  of  the  diodes 
had  been  tested  in  the  various 
operating  modes. 

The  short-period  stability  of  the 
field  emission  current  oan  be 
most  adequately  described  by  the 
relation  between  the  average  va¬ 
lue  of  the  current  a  J/J  , 

Figure  3  shows  the  relationship 
A J/J  =  f  (U)»  obtained  for  the  oathode  separated  by  the  dis- 
tanoe  of  0,3/u  a  from  the  top  of  the  film  silicon  FEC  of  P 
type  at  the  atmospheric  pressure  at  P  =  5  'lO'0  mm  Hg.  As  it 
follows  from  the  curves  presented,  at  U  ^  15  V  the  value 
a J/J  does  not  depend  on  the  air  pressure  and  makes  less  than 
0,01.  If  we  continue  to  increase  U  value  when  P  = 
mm  Hg  the  value  h J/J  remain  practically  unchanged.  But  at 
P  s  1  atm.  the  value  A J/J  abruptly  rise  and  at  U  =  17  V  it 


Fig. 2.  Typical  C-V  charac¬ 
teristics  of  the  diode 
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reaches  the  value  0,1 .  A  slight 
difference  of  the  voltage  value, 
at  which  *J/J  starts  rising  from 
the  definite  value  of  a  threshould 
quartz  sputtering  Ua  =16  V  can 
he  caused  by  the  difference  in 
stoichoimetry  of  the  tunnel- 
thick  dielectric  and  the  silicon 
oxide.  The  time  testing  of  the 
diodes  was  performed  at  a  cons¬ 
tant  operating  voltage  U  =  7  V 
and  the  pressure  105Pa.  Emission 
parameters  of  PEC  +  tunnel-thick 
dielectric  were  stable  for  more 
than  10000  hours  and  slight  fluc¬ 
tuations  (y5  %)  of  the  emission 
current  were  of  a  random  charac¬ 
ter. 


Pig. 3.  Relationship 
AJ/J  =  f(U) 


5.  CONCLUSION 

The  study  of  C-V  characteristics  of  the  microelectronic  diode 
with  the  PEC  which  has  a  tunnel-thick  dielectric  layer  depo¬ 
sited  over  the  cathode  surface  was  carried  out. 

We  have  demonstrated  stable  functioning  of  the  diodes  at 
pressures  ranging  from  10'5  to  lO^Pa,  including  atmospherio 
pressure  at  operating  voltages  not  exceeding  the  value  of 
the  ionization  gas  potential  (  12,5  V). 

At  the  pressure  of  10 s  Pa  the  diodes  can  operate  in  a  ballis¬ 
tic  mode,  since  the  distance  between  the  anode  and  the  catho¬ 
de  was  smaller  than  the  free  electron  path  in  atmosphere. 
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